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foreword 








This quarterly journal is a Technical Progress Review prepared by the Oak Ridge Na- 
tional Laboratory at the request of the Division of Technical Information, U. S. Atomic 
Energy Commission. This Review is intended to assist those interested in keeping abreast 
of significant developments in the field of nuclear safety. Nuclear Safety is not a compre- 
hensive abstract of all literature published in this field during a given quarter; rather 
it is a mechanism for presenting concise reviews of selected subjects as prevailing interest 
and available information warrant. 

Coverage of the Review is limited to topics relevant to the analysis and control of hazards 
associated with nuclear reactors, operations involving fissionable materials, and the products 
of nuclear fission. Primary emphasis is on safety in reactor design, construction, and 
operation; however, safety considerations in reactor fuel fabrication, spent-fuel processing, 
nuclear waste disposal, and related operations are also treated. Safety in the use of radio- 
isotopes in industry, medicine, and research is excluded, as are most topics considered to 
be the province of health physics. Even with these exclusions, nuclear safety overlaps such 
diverse fields as nuclear physics, solid-state physics, mechanics, chemistry, meteorology, 
geology, seismology, metallurgy, law, and nearly all branches of engineering. The authors 
will therefore review material from these fields which, in their opinion, has a direct 
bearing on nuclear safety. 

Two distinctly different types of articles are in this issue of Nuclear Safety: reviews of 
current literature and special review articles on specific topics. The editors feel that 
each of these articles makes a necessary and distinctive contribution to this journal. The 
special review articles permit discussion of pertinent subjects which cannot be adequately 
considered by reference to only the current literature. The current review articles, 
however, constitute the major portion of this issue. All incoming literature (including 
reports, books, American and foreign technical journals, and transactions) is examined 
for subjects within our area of interest. This material is collected, grouped, and reviewed 
by experts. Interpretations, in any article, represent *4e opinions of the editors, who are 
employees of the Oak Ridge National Laboratory. Readers are urged to consult the references 
to original work for more complete information. 

It is recognized that the critical evaluation of subject areas leading to the determination 
of criteria cannot fail to stimulate contrary opinions. This is expected to be particularly 
true in the area of nuclear safety since, in many instances, only preliminary information 
is available, the ramifications are many and varied, and opinion and judgment must be 
relied upon so heavily. Although the editors do not propose that Nuclear Safety act asa 
clearing house for safety correspondence because of the above facts, we have had for 
some time a policy that would permit the publication of statements of position at variance 
with those expressed by the editors. Such statements will be published after the editors 
have ascertained that a real difference exists and that the position is reasonable. 

In addition to the invited contributors, many members of the Oak Ridge National Labo- 
ratory staff wrote review material, reviewed manuscripts, or otherwise contributed to 
this publication, Their contributions are gratefully acknowledged. 


W. B. COTTRELL, Editor 

C. G. BELL, E. E. GROSS, W. de LAGUNA, 

A. W. SAVOLAINEN, and C. S. WALKER, Assistant Editors 
Oak Ridge National Laboratory 
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Letter to the Editor 


Hazards Analysis of Chemical Processing Facilities 

In the recent article by Arnold and Nichols on ‘‘Hazards Analysis of Chemical Processing 
Facilities’? (Nuclear Safety, Vol. 3, No. 1, September 1961), the equations for downwind 
dose do not explicitly state the atmospheric dilution factors or the effective stack height 
of the effluent. These factors are no doubt contained in the various numerical constants. 
However, if this is true, the authors should have pointed out that the atmospheric dilution 
factor is by no means constant and can vary by several orders of magnitude during the 
day, depending on the local meteorological condition. If the intent of the authors was to 
describe, for instance, ‘‘average daytime meteorological conditions,’’ this should have 
been pointed out in the article. As the ‘‘downwind dose’’ equations now stand, the indi- 
cated values could vary approximately by factors of 10 less to 1000 greater, depending 
on existing weather conditions. 

Assistance in determining the range over which dilution factors vary can be obtained 
by referring to USAEC Report WASH-740, Theoretical Possibilities and Consequences of 
Major Accidents in Large Nuclear Power Plants (March 1957). Also, Gifford’s recent 
articles on atmospheric dispersion in the March 1960, December 1960, and June 1961 is- 
sues of Nuclear Safety give practical assistance in evaluating the dispersion ‘‘constants’’ 
under various meteorological conditions and for various downwind distances. 


DONALD H. PACK, Chief 
Environmental Meteorological 
Research Project 


ISAAC VAN DER HOVEN, Meteorologist 
Environmental Meteorological 
Research Project 


Pack and Van der Hoven are correct in their inference that atmospheric dilution 
factors and effective stack height are contained in the numerical constants. It 
should have been pointed out that k, the stack dilution factor (seconds per cubic 
meter), is defined by k = 2/ (reuh®), where u = wind velocity in meters per second 
and h = effective stack height in meters. Thus this dilution factor is that for which 
the ground exposure is maximized. This dilution factor is derived in Chap. 4 of 
USAEC Report AECU-3066 by differentiating and maximizing certain of Sutton's 
results. 

Although the review did not show numerical results, in the actual hazards 
analysis of ORNL chemical processing facilities, the authors used the maximum 
credible value of this dilution factor which is obtained by evaluation of k at a wind 
speed of 3 mph. Not only isthis wind speed representative of conservative meteoro- 
logical conditions, but also, as may be seen from the definition of k, at higher wind 
speeds the dilution factor is lower, and at lower wind speeds the dilution factor 
would also be lower if credit were taken for the height of the plume rise as de- 
scribed in Chap. 5 of AECU-3066.— The Editor 
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Reactors, Sites, and Safety 


By M. C. LEVERETT* 


The subject of reactor safety has been a live 
one during the past year. A set of fairly 
definitive reactor location criteria has been 





*This article is a condensation of the address by 
American Nuclear Society (ANS) President M. C. 
Leverett at the June 4—8, 1961, meeting of the ANS in 
Pittsburgh. Dr. Leverett is Consulting Engineer, 
Hanford Atomic Products Operation, General Elec- 
tric Company, Richland, Wash. He received the B.S. 
degree from Kansas State College in 1931 and the 
D. Sc. degree in chemical engineering at Massachu- 
setts Institute of Technology in 1938. He worked for 
the Phillips Petroleum Company from 1933 to 1935 
and joined the Humble Oil Company in 1938. On loan 
to the University of Chicago, he took part from 1942 
to 1943 in the initial work on the Hanford reactors. In 
1943 he transferred tothe Clinton Laboratories at Oak 
Ridge, where he was in charge of engineering of the 
Materials Testing Reactor, which was later built in 
Idaho, In 1948 he returned to Humble Oil Company, 
but he left after one year to become Technical Di- 
rector of the NEPA (nuclear aircraft propulsion) Pro- 
ject at Oak Ridge. In 1951 he transferred with the 
Project to the General Electric Company at Cincin- 
nati, in charge of all technical activities. Since 1956 
until earlier this year, he had been Manager of the 
Development Laboratories Section of the Aircraft Nu- 
clear Propulsion Department. He is Chairman of 
American Standards Association’s Nuclear Standards 
Board Project N6, ‘‘Reactor Safety Standards,’’ and 
past Chairman of the ANS Nuclear Standards Board. 
He led the U. S. delegation at the meetings of the In- 
ternational Organization for Standardization on reac- 
tor safety standards in 1958 and 1960. He is past Vice 
President (1959 —1960) and past President (1960 —1961) 
of ANS. He is a Fellow of the American Nuclear So- 
clety andan Associate Fellow of the Institute of 
Aerospace Sciences. He is a member of A.I.Ch.E., 


ALM.M,P.E., A.P.S., and the Engineering Society of 
Cincinnati. 
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issued.*! Our first fatal reactor accident has 
occurred.’ The safety of a major reactor 
project has become a matter of litigation in our 
highest court.’ The AEC has given new recogni- 
tion to the importance of reactor safety by 
reorganizing and expanding its staff.‘ The in- 
tention here is to discuss this highly technical 
subject in a rather broad fashion, taking up 
three principal aspects of reactor safety: (1) the 
philosophy of reactor safety; (2) reactor siting 
criteria; and (3) a description of some technical 
matters in the field of reactor safety which need 
attention, 


Safety Philosophy 


The seemingly simple question “How safe do 
you want to be?” has as many answers as there 
are experts who have addressed themselves to 
the question, It is interesting to consider the 
following answers: 

1. The answer “as safe as other industries” 
may be put on various bases. One basis is the 
usual one of frequency of lost-time accidents in 
disabling injuries per million man-hours, The 
atomic energy industry, with a record of about 
two such accidents per million man-hours, is 
already safer than many industries reckoned as 
adequately safe. Another basis is the probability 
that an “average reactor” will cause a death 
during a year, which may be computed to be 
about 1 chance in 75 (although the statistics are 
very poor). Comparing this, for example, with 1 
in 26 for a railway locomotive, 1 in 6 fora 
transport aircraft, and 1 in 2000 for an individual 
automobile indicates that reactors are safer than 
a good many devices which we accept as being 
adequately safe. 





*See also the discussion in Sec. VI under the head- 
ing Comments on Proposed Reactor Site Criteria. 
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2. Another answer is that “no substantial in- 
crease in risk to individuals” should be caused. 
This criterion has been adopted by some re- 
sponsible groups, including the Advisory Com- 
mittee on Reactor Safeguards (ACRS). In the 
entire nuclear energy industry, the risk of 
accidental death due to all causes is about 1 in 
40,000, as compared with the present risk to an 
individual of 1 in 2000 from all causes and of 1 
in 7000 in the home. Certainly the nuclear energy 
industry is adequately safe by this criterion. 
A possible defect in this approach is the fact 
that none of the large-scale accidents which have 
been calculated to be possible have occurred in 
the nuclear industry. One such accident could 
change the statistics markedly. 

3. The answer that “The probable damage over 
a long period should not exceed some set level” 
expresses an entirely different approach, For 
example, it has been suggested for a given 
industry that the public injury or damage which 
might be acceptable should be proportional to 
the contribution of that industry to the public 
welfare, possibly as measured by the dollar 
value of the services or products provided. 
This is a very ouvjective approach and ina 
theoretical sense has considerable attractive- 
ness. However, it involves estimating the prob- 
ability that an accident will occur which is at 
present practically impossible either a priori 
or from experience. Use of such a criterion, 
therefore, is at present impractical; also, it is 
probably a little bit cold-blooded for general 
public acceptance. 


4. A fourth type of answer which has received 
some publicity is: “No matter how safe it is; if 
you can make it safer, do so!” Thiscriterion is 
at the opposite end of the objectivity scale from 
No. 3 above and is essentially emotional and un- 
reasoned. It is unfortunate that some of this 
view has crept into our thinking with respect to 
safety in nuclear matters. Obviously, this kind 
of criterion is uneconomic and very difficult to 
apply since there is no logical limit to the 
extent to which one might be driven in the name 
of increasing safety. 


A somewhat different approach is to observe 
that about 350 decisions have been made to 
build and operate various reactors in the United 
States, thereby accepting a certain level of 
risk. These have been thoughtful decisions, in 
some cases agonized over at length by many 
conscientious and informed people. If a pattern 


can be found in them and codified, the code can 
be used as a standard in judging future proposed 
reactors. The recently announced AEC “site 
selection guide’! is a good example of the 
emergence of such a pattern. Other examples 
of patterns will doubtless emerge on further 
study. Insofar as possible, such criteria should 
be expressed in terms of performance or 
objective to be achieved rather than in details 
of design or construction of a reactor. For 
example, a desirable type of criterion would 
specify the off-site dosage in event of an ac- 
cident, together with needed assumptions in the 
calculation of such dosage. It would not simply 
specify, for example, a relationbetween reactor 
power and distance, It is important to remember 
that such standards are evolutionary develop- 
ments based on many difficult considerations, 
The standards follow and are changed by practice 
instead of preceding and determining practice, 
Sizable departures may very well be proper in 
individual cases, thus providing more back- 
ground for modification of the standards. This 
approach would leave room for reduction of 
cost, without compromising safety, through 
ingenious design; allow comparison with past 
practice, rather than with the credibility of 
an accident or with some absolute level of 
risk; offer a basis for relaxation from un- 
necessarily stringent and pessimistically based 
prior practice. 


In summary it is proper that safety criteria 
be derived from practice instead of from 
“first principles”; be evolved with experience, 
being regarded as indicators rather than laws; 
and be meant to be departed from when the 
justification is suitable. This is the basis on 
which many of our “standards” have been 
developed— speed limits for automobiles, fac- 
tors of safety in structural design, and standards 
of purity in milk, to mention a few. The use of 
such comparative criteria involves difficult 
problems, such as judging the relative proba- 
bility and seriousness of accidents between two 
reactors of different design, but is easier than 
judgments of the absolute probabilities and 
intensities of the same accidents, In many 
cases a qualitative judgment will suffice if 4 
quantitative one cannot be made. 


Site Criteria 


Decisions on the acceptability of a site for 4 
reactor depend on many considerations. Much 
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attention has been given to site criteria in the 
past year, and there is reason to think that 
comparative judgments of the safety of sites 
will become much easier in the future. 


The possibility and desirability of evolving an 
index of merit for sites has been considered. 
It has been the basic practice to judge the 
suitability of a reactor site by the probable 
damage a large accident might cause. There 
has been some discussion as to whether the 
index of damage should be human injury or 
property damage. Probably either is satisfactory 
as a relative index, but the absolute numbers 
resulting should not be taken too seriously. 
Too often the site evaluation is required to set 
forth the worst possible accident at a site, 
regardless of its probability. The compounding 
of improbable combinations can produce fright- 
ening damage numbers, but they tax one’s 
credulity. Such calculations are useful only in 
a relative way and should not be used to 
determine the required dollar assets of the 
reactor owner, aS sometimes appears to be 
done, 


The proposed guide published by the AEC a 
few months ago for use in siting reactors 
essentially codifies existing siting practice.! 
The nuclear industry appears to consider the 
criteria to be in the main sound and workable, 
but with room for improvement. One weakness 
in the guides is that, if taken literally, they 
compensate only for possible total size of ac- 
cident but not for the probability, which is 
logically unsupportable and surely not intended. 
Another weakness is that they do not allow for 
arealistic reduction of pressure in the contain- 
ment vessel following an accident, a factor that 
can in many cases make animportant difference 
in the maximum damage probability. Another 
difficulty is in the definition of population 
zones. This could be obviated by prescribing 
the total man-rem dose as the severity criterion, 
which would remove the risk of defining “popu- 
lation center” and would limit the total radiation 
injury to the population. Meanwhile, the guides 
should be accepted until something better ap- 
pears, with whatever modifications may be made 
48 a result of the recent intensive discussions 
of them by the industry. 


Codification of siting standards in the United 
States should not imply, as some will object, 
that we are setting standards for other countries 
to follow. We may indeed, as necessity demands, 


tend toward the practice of other countries 
ourselves, 


Desirable Safety Programs 


It seems that neither industry nor govern- 
ment is doing as much as it should in the 
area of making the fruits of experience of 
others available to those working on reactor 
designs and hazards evaluation. There are four 
categories of things that ought to be done, as 
set out below. 


1. More work should be done in the area of 
reducing the probability of accidents. Although 
the statistics of large reactor accidents are 
zero, there have been several small accidents, 
and even more near-accidents. Standards based 
on these and on other experiences must be 
evolved and, moreover, subscribed to. Better 
standards of design, operation, organization, or 
procedure could have prevented all the mishaps 
mentioned of which the author knows. The 
standards will have to be developed piecemeal, 
a little at a time, until we are able to write 
comprehensive standards on all types of reac- 
tors, operations, and circumstances. We must 
not fail to start simply because we cannot do a 
finished job now. 

2. More work should be done in the reduction 
of severity of accidents. Ingenious and resource- 
ful designers have come up with several devices 
for reducing the severity of an accident should 
it occur. Examples are pressure suppression 
and containment sprays. However, these are as 
yet only partially evaluated and, as a result, 
the designer does not know what credit he can 
take in terms of decreased severity of the 
maximum supposed accident or whether his 
evaulation of the effectiveness of his particular 
safety device is going to be acceptable. Other 
possibilities have not yet been evaluated. In 
addition, the entire process of escape of fission 
products from within the fuel to the outside 
environment needs more investigation. This 
includes more investigation of release from 
molten or overheated fuel elements, plate-out 
on surfaces, removal by condensing steam or 
water sprays, reduction of pressure with time, 
the fraction likely to escape even through an 
open (e.g., ruptured) pressure vessel, filtration 
of escaping gases and vapors, and removal 
by rainout in the immediate vicinity. Fortunately, 
there is an AEC program of this type, although 
it does not seem as aggressive as might be 
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desired, After a suitable series of small-scale 
tests and analyses, large-scale experiments 
should be carried out, perhaps culminating in 
intentional reactor runaways with measurements 
of fission-product release, deposition factors, 
and other parameters. The cost would probably 
not exceed that of the average reactor experi- 
ment program, and the results could be of 
great value. 


3. Additional work should be performed on the 
evaluation of the magnitude of the risk involved 
in possible accidents. The magnitude of the 
risk of off-site damage is obviously a direct 
function of fission-product release, which has 
just been discussed. In addition, some work 
remains to be done in the meteorological 
field, such as determining reasonable probabili- 
ties for specific meteorological conditions and 
their durations at particular sites, rather than 
assuming either the worst conditions or im- 
probably long durations. 


4. More work should be done on the further 
study and evaluation of potential sources of 
accidents. Hazards reports frequently state that 
all conceivable accidents have been examined 
and that the particular reactor cannot experience 
an accident of significant severity. However, 
potentialities of accidents not previously en- 
visioned turn up from time to time. An example 
is the ejection of a control rod from a reactor 
due to the pressure of water and steam within 
it, which could conceivably result in an 
excursion-generated shock wave. It would seem 
that experimental work on the resulting effects 
on the pressure vessel and other components 
of the reactor would be justified. Perhaps 
intentional chemical explosions, planned to 
simulate reactor excursions, could be used in 
test vessels. Shock might cause brittle failure 
of the vessel wall rather than ductile failure, 
with a resulting increase in accident severity. 
In addition, it has been found in tests of some 
alloys that the time to rupture under a given 
stress at high temperature may be reduced 
by up to several orders of magnitude if they 
have been subjected to irradiation and that this 
kind of radiation damage does not always anneal 
out at temperatures as high as 1200°F. At 
present there is almost a complete lack of 
data on the effects of radiation on high-tem- 
perature structural alloys, particularly in their 
long-term properties. The collection of such 
data is difficult and expensive but is important 


to reactor safety. It is understood that sucha 
program is beginning. 


Conclusions 


We can now begin to see the general dimen- 
sions of the technical problems of reactor 
safety. Work classifiable as reactor safety 
research is presently going on in this country 
at the rate of about $12 million per year. Our 
total reactor development program is approxi- 
mately $400 million per year. From the point 
of view of balance, it would not seem unreason- 
able that expenditures for reactor safety re- 
search should be stepped up. Perhaps for a few 
years a doubling of these expenditures would 
not be out of order. Such expenditures are 
trivial when compared with the estimated magni- 
tude of the damages for a severe reactor ac- 
cident. More realistically, such expenditures 
might produce very substantial savings (perhaps 
of the order of $10 million per year when we 
are constructing five new power plants annually) 
just in the shortening of distance between the 
generating-capacity and load centers. Additional 
less tangible savings are also likely. This 
work should be a part of the program of the 
AEC. Simultaneously, there must be the devel- 
opment of standards of reactor design, opera- 
tion, organization, and procedure by industry 
that will assure safety without undue economic 
penalty. There must also be the collection of 
standard practices in the assessment of effects 
of nuclear accidents in reactors andthe methods 
of calculating such effects. The total program 
will involve considerable radiation damage work, 
metallurgy, meteorology, and engineering analy- 
sis and experimentation. Some of the last 
should be essentially full-scale using specially 
constructed reactors and containment vessels. 
We need to move ahead inthis programas rapidly 
as possible. (Condensed by L. A. Mann) 


Nuclear Space Systems 


Preparations are currently being made to fly 
a number of different space nuclear energy 
sources which range from the radioisotope- 
fueled sources of a few watts in power up to 
the kilomegawatt fission reactor for the nuclear 
rockets. Safety analyses of these nuclear sources 
follow the usual lines of reasoning that the 
general population should be protected fromun- 
reasonable hazards. In addition, since these 
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energy sources will fly over other than our own 
territory, an additional step of considering the 
diplomatic impact of the flight must be taken. 
It appears that initially each flight will require 
direct Presidential approval. 

On June 28, 1961, a significant step in the 
utilization of nuclear energy sources in space 
was taken when the Navy’s Transit IV-A navi- 
gational satellite went into orbit carrying a 
SNAP 3* radioisotope-powered auxiliary power 
wit. The flight had originally been prepared 
for June 6 following Presidential approval, but 
the State Department requested reconsideration 
because of the world situation at that time, 
and the flight was delayed for the additional 
period. 

The general safety considerations in the use 
of nuclear energy sources in space were dis- 
cussed in a previous Review’ and at the Space- 
Nuclear Conference® of the American Rocket 
Society in May 1961. The periods considered 
were (1) the prelaunch phase, (2) the launch 
phase, and (3) the return phase. Prelaunch is 
defined as the period from construction of the 
source until liftoff from the launch pad. The 
launch phase proceeds from liftoff until a 
successful launching is completed. The return 
phase refers to that time, planned or unplanned, 
when part or all of the nuclear package returns 
to the vicinity of the earth. Branch and Conner’ 
expect that the radioactivity which might be 
credibly released over the next 20 years from 
nuclear aerospace devices burned up in the 
upper atmosphere upon reentry, if distributed 
on the global scale, will cause only a minor 
change in the existing levels. 


Radioisotope Energy Source 


In general, the radioisotope systems present 
their greatest hazard during the prelaunch and 
launch periods, since at this time the isotopes 
are at their greatest power output of the entire 
mission, Some of the problems of radiological 
Safety analysis for the 125-watt radioisotope- 
powered SNAP 1A have been discussed by Dick,® 
including core loading in a hot cell, transporta- 
tion of the fueled core, transfer of the fueled 
Core to the generator, generator shielding, 


Le 

*The SNAP (Systems for Nuclear Auxiliary Power) 
units are given anodd number if they have a radioiso- 
tope energy source and an even number if they have a 
lission energy source. 


launch abort procedures, vehicle failure on the 
launch pad, vehicle failure during ascent flight, 
and reentry from extraterrestrial flight. Safety 
analyses of all radioisotope energy sources 
follow this general outline, since these sources 
differ only with respect to power level and the 
specific isotope used. 

The alpha emitters Po*!®, Pu?*®) and Cm?#? 
are favored*"! for the small (few- watt) SNAP 3 
sources since they have a high power density 
and present essentially no gamma shielding 
problem. The 125-watt SNAP 1A uses Ce!“4 and 
the accompanying Pr‘ beta emitters andgamma 
emitters for a power source and requires a 
drainable mercury shield at the launch pad. 
The use of Sr*® or Ce!*4 in the larger units is 
dictated primarily by cost considerations. Both 
are produced from fission products, 

The radioisotope is in each case tightly 
encapsulated in a high-temperature-resistant 
high-strength material capable of containing 
the materials under the conditions of a launch 
abort. The launch abort tests in the altitude 
range from 0 to 1000 ft have been described 
by Dick.® The extreme condition would occur 
following a booster failure in which the core 
could be subjected to a 6000°F fireball and 
explosion with shock-wave overpressures of 
8000 psi as the booster exploded, followed by 
8-min immersion in a high-temperature fire of 
from 2000 to 4500°F. Tests to approximate 
such conditions were made at Aberdeen Proving 
Ground on Inconel X, Hastelloy B, and type 
316 stainless-steel cores. Inconel X was also 
tested by immersion in liquid oxygen to demon- 
strate low-temperature integrity and resistance 
to thermal shock. A study of abort conditions 
from 1000 ft to 300 miles indicated that the 
core would impact at 500 ft/sec and be ata 
temperature of 1500°F. Tests conducted against 
consolidated earth showed that the core would 
retain the radioisotope, but granite impact test 
results indicated that the core should be re- 
designed. Subsequent tests of redesigned cores 
with impact-absorbing caps gave satisfactory 
results. 

As a general criterion for reentry, the re- 
quirement for complete burnup above 100,000 
ft has been generally accepted. This means 
that the debris would be above the usual air 
travel lanes and would be retained for some 
time if the particle size were small enough. 
In reentry considerably more energy is liberated 
in a short time from the reentry drag heating 
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than in the abort conditions, and it appears 
feasible to burn up the cores for both SNAP 1A 
and the various SNAP 3 units. Breakup of the 
core aids in the reentry burnup. Analysis of 
SNAP 1A indicated complete burnup to particles 
of sizes less than 10 p: above 120,000 ft. 


Nuclear Reactor Energy Sources 


The safety analyses of the SNAP reactor 
systems’*»'* as energy sources in space parallel 
closely the analyses of the radioisotope systems, 
’ except for the additional hazard of unplanned 
criticality. Shipment problems for the reactor 
are somewhat more difficult than for the radio- 
isotope systems, although this problem is sim- 
plified when the fission-product inventory is 
kept low by limiting the preshipment testing of 
the reactor. Shipping provisions have to guard 
against accidental excursions of the reactor 
during shipment. The development of safety 
criteria and examination of hazardous condi- 
tions for the launch period are necessary for 
each of the SNAP reactors. Once at the launch 
pad, the integration of the power package with 
the rest of the payload is also made simpler 
if the fission-product inventory in the reactor 
has been kept low during the preflight period, 
since only minimum shielding of the reactor 
is necessary under those conditions. 


If orbital startup of the reactor is used, 
the launch-phase problems will be minimized, 
Zero-power testing of the reactor can take 
place without an appreciable increase inthe rate 
of fission-product inventory. If the reactor is 
operated at full power on the pad and during 
launch, the gamma dose rales willbe within safe 
limits up to a thermal power of almost 500 kw. 
Remote removal of the reactor because of 
malfunctioning or long delay on the launch pad 
does not present difficult problems, but a 
reactor excursion on the launch pad or an abort 
followed by an excursion could present hazardous 
conditions. Analyses of the SNAP 2 [50-kwi(t)| 
reactor indicate that a reactor excursion would 
release fission products equivalent to those 
present after operation for 30 min. Personnel 
evacuation radii and blockhouse protection ap- 
pear adequate for radiological protection. 


Reentry problems for the SNAP reactors can 
be minimized by placing the package in a long- 
lived orbit so that a long decay period is 
available after reactor shutdown. A 700-mile 
orbit which would allow the reactor about 300 


years to decay would provide for safe, intact 
reentry. However, reentry analyses" of the fuel 
elements by P. D. Cohn have indicated that if the 
elements are released above 280,000 ft they will 
burn up and disperse above 100,000 ft. These 
analyses are still subject to experimental verifi- 
cation, andthe long decay period is favored. Some 
combination of the two may be the ideal answer, 

(P. G. Lafyatis) 


JCAE Hearings on Radiation 
Safety and Regulation 


The Joint Committee on Atomic Energy (JCAE) 
held public hearings in Washington June 12-15, 
1961, on radiation safety and regulatory prob- 
lems. The proceedings of these hearings are 
now available.'® (W. B. Cottrell) 


Breeder Reactors 
and Nuclear Safety 


The problems of controlling nuclear hazards 
in power reactors that breed do not differ in 
kind from those in nonbreeding power reactors, 
but they do differ in intensity as a result of 
the requirements for breeding. For the purposes 
of this review, a breeder reactor is defined as 
one that is capable of producing fuel in excess 
of its own requirements at the rate of not less 
than 4 per cent per year of the total inventory 
of fissile isotopes in the reactor system, in- 
cluding the fissile isotopes in processing and 
fabrication. Power systems based -on breeder 
reactors, as just defined, have doubling times 
of 25 years or less and are thus suitable for 
use in an expanding nuclear power economy. 
Fertile isotopes would be the only nuclear raw 
material. The cost of any electric power pro- 
duced is not relevant to this definition. 

Excluded by this definition are breeder re- 
actors having fuel yields smaller than 4 per cent 
per year; these are excluded because they are 
unsuitable for use inan expanding economy based 
solely on supplies of fertile isotopes. Als0 
arbitrarily excluded are reactors that produce 
fissile isotopes different from those used for 
fuel; e.g., a reactor fueled with U* and pro- 
ducing U2** in a blanket loaded with Th’. 

The fuel yield in a power-breeder reactor 
station is related to the system characteristics 
by the relation 
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_ 37.8GRFQ 


Y T (1) 


where Y = yield of excess fuel, per cent per year 

G = breeding gain, i.e., the net number of 
fissile atoms produced in excess of 
the reactor’s own fuel requirements 
per reaction between a fissile atom 
and a neutron in the reactor 

R = fuel consumption ratio, number of fis- 
sile atoms destroyed by reaction with 
neutrons per fission reaction, = 1+ a 

F = plant factor, average attained frac- 
tion of rated capability 

Q = rated station thermal capability, 
thermal megawatts 

I = station-associated inventory of fis- 
sile isotopes, in kilograms, including 
all fissile isotopes and their pre- 
cursors (e.g., Pa’) in the station 
and those prorated from associated 
processing and fabrication plants. 


The designer of a breeder reactor is, of 
course, concerned with minimizing the net cost 
of power. Equation 1 constitutes a restraint 
on the ranges of the various independent vari- 
ables at his disposal within which he may 
minimize the power cost. Over some of the 
factors in Eq. 1 he has little control; for 
example, in breeder reactors R ~1.2 and its 
value is more a function of the choice of fuel 
cycle (Pu vs. U?*) than of the design of the 
reactor. Also, the plant factor F is customarily 
taken as 0.8 in economic calculations, although 
the plant operator will, of course, attempt to 
achieve greater utilization in a base-load plant. 

The definition of breeder reactors adopted 
above requires that the yield be not less than 
4 per cent per year. With R = 1.2 and F = 0.8, 
and setting Q /I = S |S = the specific power in 
Mw(t)/kg], the designer of a breeder reactor 
must choose a concept and select independent 
variables such that 


GS =~0.1 (2) 


The designers of breeder reactors have not 
found it easy to satisfy Eq. 2. Current con- 
ceptual designs, almost without exception, are 
based on optimistic assumptions and the extrapo- 
lation of current technology. In a recent study 
of thorium breeder reactors,'® it was found that 
breeding gains lying in the range from 0.05 to 
0.1 can be achieved in “practical” systems only 


if core materials having the very lowest para- 
sitic cross sections are selected, amounts of 
structural materials are drastically limited, 
both fuel and fertile streams are processed 
rapidly, xenon is removed quantitatively from 
fluid-fuel reactors in less than 1 min, and excess 
reactivity is not wasted on parasitic control 
poisons. Obviously, these restrictions greatly 
complicate the problem of making the reactors 
safe. 

With 0.05 = G =0.1, the specific power S must 
lie in the range from 1 to 2 Mw(t)/kg if Eq. 2 
is to be satisfied. At first glance, this may 
not seem an extreme requirement; however, 
when allowance is made for the large inventories 
of fuel isotopes that accumulate in the blankets, 
processing plants, fuel reserves, etc., the 
specific power S, for the fuel in the core be- 
comes very large for some concepts; e.g., 
Sc ~20 Mw(t)/kg in a gas-cooled graphite- 
moderated thorium breeder.’ In general, some 
parameter (e.g., power density, velocity, pres- 
sure and temperature rise, or heat flux) must 
be pushed near the limits of safe design if the 
required specific powers are to be achieved, 
Thermal reactor concepts for whichG is less 
than 0.5 are probably not capable of satisfying 
Eq. 2. 

Fast reactors characteristically show much 
larger breeding gains than thermal reactors, 
and core materials may be selected almost 
without regard to nuclear properties (except 
slowing-down power), Calculated values of G 
cited inthe literature'’~”' are listed in Table-I-1. 








Table 1-1 VALUES OF BREEDING GAIN FOR SOME 
FAST REACTORS 
Author Estimated 
and breeding 
Reactor . reference gain, G 
EBR-II (plutonium-metal) USAEC" 0.2 
PFFBR (plutonium oxide) APDA'® 0.34 
PuO,-UO, fast-breeder Greebler and Aline™ 0.45 
Plutonium-metal fast- 
breeder Hummel”? 0,59 
Sofer and Sapir?! 0.57 


PuC-UC fast-breeder 


(For some idealized systems containing no 
fission products,”?,25 the calculated G is greater 
than unity.) Table I-1 is based on estimates 
which take into account penalties for the presence 
in the core of fission products, as well as 
structural materials and coolants, and the 
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buildup of higher isotopes. Apparently none of 
the authors considered the effect of fissile 
isotopes and fission products in the blanket 
on leakage and other neutron losses. 

It was concluded that “practical” fast reac- 
tors are probably capable of breeding gains of 
0.5, in the limit, and therefore specific powers 
S of at least 0.2 Mw/(t)/kg are required in order 
to satisfy Eq. 2, This may notbe easy to achieve, 
however, because fast reactors characteristi- 
cally have small cores, and the required power 
densities [Mw(t)/cu ft] become high. The 
' Plutonium-Fueled Fast-Breeder Reactor 
(PFFBR) is expected” to produce 775 Mwi(t) 
with an initial inventory of 674 kg of Pu?®® 
in the core. When allowance is made for bred 
fuel in the blanket and fuel in processing and 
fabrication, the total inventory may well be 
two to four times as great, corresponding to 
specific powers of 0.3 to 0.6, which, taken 
with the corresponding G listed in Table I-1, 
barely satisfies Eq. 2. The required power 
density in the core is 13 Mw(t)/cu ft average 
and 25 Mw(t)/cu ft maximum. Obviously, this 
high concentration of heat sources poses prob- 
lems of heat transfer in normal operation and 
of afterheat removal in case of loss of the 
coolant pumps. In general, however, since there 
is greater freedom in selection of core mate- 
rials, it appears that the conditions in the fast 
reactors are somewhat less extreme, in rela- 
tion to their limits, than those in most of the 
thermal breeders. 

The cost of power from breeder reactor 
stations decreases with increasing station 
power, and proposed stations therefore tend to 
have high power; e.g., 1000 Mw(e) and above, 
In particular, since it is necessary to process 
the fuel and fertile materials frequently, the 
capacity of the processing plants must be 
high in order to reduce the unit costs. High- 
power rating alone poses problems in selecting 
an exclusion area and in estimating the maxi- 
mum credible accident for multiple reactor 
stations, 

In nonbreeding power reactors, nuclear haz- 
ards may always be reduced by compromising 
the performance, both nuclear and thermal. 
In power-breeder reactors, however, in order 
to satisfy the requirements for breeding, the 
choice of core materials is restricted, and the 
structural materials must be limited inamount. 
Power levels, specific powers, power densities, 
operating conditions, processing rates, etc., all 


must be made to approach upper limits. Asa 
result, the difficulty of meeting nuclear safety 
requirements is greater than in systems where 
the performance may be compromised without 
regard to breeding requirements, 

(L. G. Alexander) 


Safety in Source Handling 


The handling of source material has been 
discussed indirectly in previous Nuclear Safety 
reviews of related subjects,"4~*’ but this is the 
first review specifically concerned with the 
safety aspects of source handling. For the 
purposes of this review, source is defined in 
sufficiently broad terms to include, in addition 
to sealed sources (as defined in the Code of 
Federal Regulations**), sources of radiation 
which can be generated at will but which are 
intended for the same use as sealed sources, 
Specifically, portable or fixed X-ray machines 
used for radiography or for research purposes 
and accelerators of all types are considered 
here to be radiation sources. The following 
general criteria for the control of radiation 
hazards at major nuclear installations at ORNL 
are generally applicable to sources: 


1. The maximum credible accident must be 
contained or confined to the degree necessary 
to preclude the discharge of concentrations or 
amounts of radioactive materials which are 
injurious to health of affected persons or which 
will interfere with normal activities in the 
area. 

2. Two lines of defense must be present to 
prevent the escape of radioactive materials. 
The two lines of defense must exist at all 
times, and adequate monitors must be provided 
to indicate when either fails. 


In the actual review of a facility or operation 
to assess whether the safety criteria have been 
satisfied, two important questions should be 
asked after the details of the situation have been 
presented: 


1. Has the individual responsible for the 
facility correctly evaluated the hazards pre- 
sented by normal operation and by off-design 
operation (including the maximum credible ac- 
cident) in relation to the precautions to be 
taken to minimize or eliminate such hazards? 

2. Should the residual hazards be acceptedas 
reasonable for the type of work, location, im- 
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portance, proximity of personnel, etc., involved 
in the operation of the facility ? 


The first of these questions emphasizes that 
the most important element of radiation safety 
is the human element. Individual ability and an 
individual sense of responsibility are required; 
no amount of safety equipment is believed to be 
able to cope with the consequences of irrespon- 
sible, incompetent, human action. In any safety 
review, therefore, both the facility and the 
individual in charge must be evaluated. 


The philosophy of double containment with 
detectors between the two containers has re- 
quired some modification for application to 
sources, as distinguished from reactors, radio- 
chemical plants, hot-cell operations, hot- 
laboratory operations, waste disposal, and 
reactor experiments. It is recognized that most 
of the standard types of radiation sources are 
doubly encapsulated rather than doubly con- 
tained, and there is usually no substantial 
clearance between the inner and outer capsules. 
Once the outer capsule has been closed by 
welding, it is, of course, impossible to know 
whether the inner capsule has remained intact 
or has developed a leak. Therefore most AEC 
and commercial radiation sources cannot be 
said to be protected by two lines of defense 
with provisions for testing the adequacy of the 
first. In evaluating its position, ORNL manage- 
ment has stated’ that “... the first encapsula- 
tion for sources is carefully checked by smear- 
ing to prove the integrity before the second 
encapsulation takes place. Therefore the proba- 
bility of a leak is small. In addition, good 
practice entails periodic smearing of the outer 
encapsulation to assess the integrity of the 
source. These precautions are adequate, and 
we would not recommend a more elaborate 
system for proving the existence of double 
containment.” 


Nevertheless the importance of good con- 
tainment—or, rather, the consequences of poor 
containment of sources— was forcibly demon- 
strated in connection with the 1957 incident in 
Texas involving iridium sources. The public 
relations aspects of the situation proved far 
more serious than the actual radiation damage 
involved (discussed in the September 1961 issue 
of Nuclear Safety, page 73). The unloading and 
loading of sources, even doubly contained, 
often requires violation of a primary contain- 
ment barrier. Under such circumstances, ad- 





ministrative control must be exercised so that 
the secondary containment line is activated and 
tested before the primary containment is de- 
liberately violated. 


The following sections illustrate by comments 
or criteria some of the radiation safety precau- 
tions pertinent to the use of various types of 
sources. A recent incident that typifies a 
number of accidents involving sources is dis- 
cussed in the September 1961 issue of Nuclear 
Safety, Sec VI. 


Gamma-Ray Sources 


High-Level Nonportable Gamma-Ray Sources. 
Inasmuch as the exposure to these sources could 
be lethal within a few minutes, strictest pre- 
cautions must be observed in their handling. An 
extreme example of such a source isthe 10,000- 
curie Co® source at ORNL,*’ which is housed in 
a special apparatus*! and contained in a special, 
locked room. The hazards connected with its 
operation were considered to be derived pri- 
marily from personal exposure within the room, 
Special attention was given to the mechanical 
details of the construction of the source con- 
tainer and the movable shields. 


The radiation monitors and alarms used with 
this source are of two types: (1) continuously 
indicating automatic alarm monitors that are 
regularly checked for proper operation by a 
member of the Health-Physics Division and 
(2) standard radiation-measuring instruments 
that require manual setting or use. Weekly 
smear tests of the irradiation cavities are used 
to prove the absence of leakage. Individual 
dosimeters and “pocket screamers” are worn 
by the experimenter, and special pocket 
screamers are placed on a movable shield 
dolly to indicate the malfunctions of the ap- 
paratus. The automatic radiation alarm works 
on an isolated electrical circuit that is locked 
out so that it cannot be disconnected by an 
experimenter, 

Strict administrative control is imposed in 
that the room is locked. The key must be 
obtained from the responsible individual, and the 
person entering the room must be accompanied 
by a qualified health physicist. The health 
physicist determines the radiation level in the 
room and checks all the radiation monitoring 
instrumentation, but he is not required to 
remain with the operator. The room door is 
never left unlocked when the room is unoc- 
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cupied. Furthermore, it has not yet been con- 
sidered necessary to prohibit the use of the 
facility to a single individual working alone. 
Nevertheless the experimental room is con- 
nected to one of the building offices (in which 
a secretary is usually present) by means of an 
intercommunication system so that, inanemer- 
gency situation in which the experimenter is 
injured or cannot leave the room, assistance can 
be summoned, A change in the designation of 
the individual responsible for this facility would 
require a new review of the adequacy of the 
safety precautions. 


Field Units and Portable Intermediate -Level 
Gamma-Ray Sources. Less danger of a lethal 
exposure in a short time but much more danger 
of exposure of unsuspecting or careless persons 
is presented by the intermediate-level gamma- 
ray source used in portable form or in field 
units for radiography or for process control. 
A recent report*® describes the inspection of a 
commercially manufactured Ce'*’ radiation- 
density gauge that was recovered from the 
wreckage of a cannery which had been totally 
destroyed by fire. Although the primary con- 
tainer prevented the spread of radioactivity, 
an aluminum-plate label attached to the assembly 
was partly melted (but still legible). The source 
strength was such as to give a reading of 44r 
at contact. The recommendation was made that 
warning labels on such sources be stamped on, 
or otherwise permanently made a part of, both 
the primary and secondary containers. 


Another commercial source that presents in- 
teresting features of radiation safety is a 10- 
curie Co®® source that is used for field inspec- 
tion of mechanical equipment. The source pellet 
is driven by compressed air from a lead con- 
tainer through a plastic tube to a shielded 
head where it provides the radiation for the 
desired autoradiographs. After the picture is 
taken, a flow of compressed air returns the 
pellet to its container. Although the company 
services the unit on some regular basis, the 
sources are not being inspected and smeared by 
the company. Regular tests by laboratory per- 
sonnel would be advisable. The compressed air 
used to blow the source pellet around is released 
to the room without being filtered or monitored. 
This condition is potentially hazardous, and the 
use of a filtered vacuum rather than pressure 
would be more desirable. Both light signals 
and an. ordinary survey. meter are used to 


indicate that the pellet is outside its lead 
container and in the exposure position. When 
not in use, the source is kept locked and the 
key is kept in a safe place. 


With reference to the previous discussion of 
double containment of sources, it is recognized 
that only single containment of this source is 
present at the time it is being used for an 
irradiation. Therefore it is essential to maintain 
the integrity of the source. 


Low-Level or Calibration Gamma-Ray 
Sources. A number of low-level, portable 
gamma- or beta-ray sources for calibration of 
instruments are in use. Some of these have 
presented problems because of their small 
size and because of inadequate labeling. To 
prevent exposure to uninformed personnel, it is 
recommended that a permanent label be made 
a part of each source, that the sources be 
painted in the usual warning colors, and that 
strict accountability control be maintained by a 
system of written records and locked storage. 


X-Ray Sources 


The use of commercial X-ray equipment for 
radiographic, crystallographic, and biological 
studies is widespread. The following recom- 
mendations were advanced for their use at 
ORNL to focus attention on the special prob- 
lems involved in the use of such equipment: 


1. All X-ray machines should be registered 
with the applied health-physics groups. 

2. Health-physics surveys should be made 
routinely during normal operation of the ap- 
paratus, or after any major relocations or 
changes in the apparatus, to establish the 
radiation exposure of the operators and the 
isodose contours around the apparatus, The 
routine surveys should be made at least once 4 
year and the results recorded in duplicate, 
with one copy in the registry file for the 
machine and one copy posted either at the 
machine or at the entrance to the room in which 
it is kept. 

3. Office personnel should be located as far 
from X-ray equipment as is necessary to prevent 
their accumulating low-dosage-rate exposures 
over long periods of time. ; 

4, Research and development attention should 
be initiated on the problem of obtaining moré 
accurate radiation exposure records for the 
fingers and hands of the operators. The develop 
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ment of X-ray burns is well documented by the 
medical profession. Operators should request 
and be provided with finger rings or bracelets 
containing film of the proper sensitivity for 
measuring soft X rays rather than films for 
measuring exposures to beta radiation. 

5. Too frequently it has been found that 
radiography apparatus is used in makeshift 
rooms located adjacent to the working areas 
of large numbers of people. Proper permanent 
facilities should be constructed when it be- 
comes apparent that substantial amounts of 
radiographic testing are required. 

6. In connection with the health-physics sur- 
veys of operating equipment, particular attention 
should be given to the high-voltage rectifica- 
tion systems which may emit substantial quanti- 
ties of soft radiation. 

7. A device should be invented which will 
essentially make the location of the X-ray 
beam visible to the operator when the beam 
is turned on; this is particularly appropriate 
for horizontal beams. 


Accelerators as Sources 


Three sources of radiation are important in 
connection with the operation of accelerators: 
(1) the primary beam, (2) the induced or 
scattered radiation from the target, and (3) the 
residual radiation from radionuclides formed 
in the target. In addition to these dangers, 
there is the important nonradiation hazard that 
is connected with the use of very high-voltage 
electricity. On the credit side of this situation, 
it should be noted that the operators of ac- 
celerators usually have a more intimate knowl- 
edge of the nature of the radiation involved than 
do most users of radiation. Nevertheless, a 
number of comments have been made which are 
particularly appropriate for situations in which 
one building houses more than one accelerator. 


Scheduling. The uses of the machines should 
be planned so that the supervisors of the building 
or complex can know exactly what is expected 
: cause the presence of radiation at any 
ime. 


Background Surveys. It has been suggested 
that a better knowledge of the effects of one 
experimental machine on the radiation levels at 
other machines would be of assistance in 
Beating the interpretation of local radiation 
évels, 





Centralized Monitoring. There should be a 
single location where the results ofall radiation 
monitoring are continuously displayed so that, 
together with the schedule, an over-all evalua- 
tion of the building and experiments can be 
quickly made. 


Personnel Exposure. Interlocks are gener- 
ally accepted for protection against personnel 
exposures, but they frequently cause incon- 
venience to the operators, particularly when 
adjustments on the machine and the location of 
the beam are being made. Television viewing of 
the interiors of the target rooms has been 
suggested as one safety feature for use in 
connection with strict administrative control 
where there is the need to enter while the beam 
is on. Panic buttons have been recommended 
which would permit an operator to shut off the 
beam from a position near the target. Radiation 
monitoring by a health physicist is recom- 
mended during beam adjustments because ofthe 
demonstrated difficulty of estimating time re- 
liably when engaged in adjustments that require 
concentration. Additional attention to the devel- 
opment of accurate remote-control positioning 
equipment would permit many experiments to be 
performed with greater safety. Supersonic de- 
vices that would detect the presence of aperson 
inside a target room have been suggested for 
consideration. 


Work at Night and on Weekends. Work on off 
hours is accepted as normal by experimenters, 
and it is frequently difficult to enforce ad- 
ministrative safety controls. Assistance should 
be given to the experimenter by providing the 
easiest possible way for him to ensure that 
some responsible officer on the grounds knows 
of his presence in the building during these 
times. 


Tritium Targels. Targets such as tritium 
represent an example of hazards not connected 
with the accelerator beam itself. Special pre- 
cautions must be taken in the fabrication, 
storage, and disposition of the targets; in the 
operation of ventilation systems in areas where 
tritium might be released; in monitoring for 
tritium at the target area; and in monitoring 
experimenters for the possible exposure to 
tritium. 


Presence of Untrained Personnel, Craftsmen 
are required for much of the work in connection 
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with accelerator experiments, and precautions 
should be taken that they are not permitted or 
required to enter unsafe areas. It is expected 
that thermonuclear experiments will create 
sources of considerable magnitude, complicated 
by the presence of very high energy neutrons 
which can interact with surrounding matter. 
Such sources are almost outside the definition 
used here and require special safety reviews 
because of their peculiar characteristics. 


Alpha-Containing Sources 


Possibly the most serious radiation hazard to 
uninformed or nontechnical people, including the 
general public, arises from the use of large 
amounts of alpha-emitting nuclides in radiation 
sources. The extremely low tolerance level for 
these materials is illustrated by the figures for 
Pu’*® (accepted as the usual reference standard): 
the permissible body burden for Pu’*® in bone 
tissue is 0.04 yc, and, since 16 g of this isotope 
produces 1 curie, the permissible body burden 
is 0.64 wg. Snyder has compiled a single 
criterion for determining the equivalent amounts 
of various nuclides on the basis of relative 
hazard.*? A list of equivalent amounts based on 
this criterion is presented in Table I-2, as 
taken from an unpublished ORNL training 


manual. *4 
Table 1-2) HAZARD EQUIVALENT TO 1 G of Pu?%® 
Hazard equivalent 
Radionuclide In grams In microcuries 
ga Po?!” 2.7 x 1078 Lee x 10° 
99 Th?*? 0.78 1.5 x 104 
goth (natural) 5.5 x 104 6.1 x 108 
92U*5 7.3 6.9 x 104 
927% 11 6.7 x 104 
uv 1.2 x 108 7.6 x 104 
92U238 2.2 x 105 7.5 x 104 
g2U (natural) 1.1 x 105 3.6 x 104 
g3Np?* 80 5.5 x 104 
gg Pu? 0.27 6.1 x 104 
gg Pu4! 0.011 2.x 10° 


242 16 6.1 x 104 


6.0 x 104 


gq Pu 
gg Am" 0.019 


There is quite widespread use of neutron 
sources containing intimate mixtures of alpha 
emitters and materials such as beryllium with 
which alpha particles interact to produce neu- 
trons. Fortunately, most of these are quite 
ruggedly made and are doubly encapsulated in 


welded metal containers. As was indicated 
above, such care is taken in their construction, 
including smearing to establish the integrity 
of the first capsule, that they can be considered 
safe if regular smearing of the outside of the 
second capsule fails to reveal any leakage of 
activity. Naturally, adequate labeling and ac- 
countability practices are necessary to prevent 
their being handled by unauthorized persons, 
Also, it is expected that their use will be 
monitored by health-physics surveys to show 
the exact hazard offered by the neutron and 
gamma emission from these sources. In the 
past these sources have frequently been encased 
in plastic, but this is no longer a recommended 
procedure. No plastic or organic material is 
tolerated inside the welded containers in order 
to avoid the production of high pressures through 
alpha-induced decomposition of the organic 
material. 

An even more serious hazard, although much 
less widespread, is presented by the recent 
development of Am?”4! gamma-ray sources; the 
Am”4! 60-kv gamma ray is very useful for the 
determination of the concentrations of high-Z 
materials in process streams. Unfortunately, 
very thin windows must be used in these 
sources to minimize the attenuation of the weak 
gamma rays. Typical sources of this type 
consist of ‘4 g of Am*! in the form of a thin 
layer or pressed pellet of the oxide containedin 
a stainless-steel capsule having a machined 10- 
or 20-mil-thick window at the end. The amer- 
icium is deposited on the inside of the window. 
Although these sources are really quite rugged, 
they do present considerable hazard in that 
such a large equivalent amount of alpha material 
is contained by only one thin metal window. The 
users of these sources are furnished with safe 
handling instructions and information on the 
construction of the source. Nevertheless these 
sources have been furnished to Eurochemic, as 
well as to AEC and Defense Department agencies, 
There may be a question as to whether the 
potential hazard is such as to require even 
more stringent precautions in connection with 
their distribution and use than those currently 
in force. 

Research personnel have continuing need for 
open alpha sources, such as Po?!” plated ona 
metal disk. The hazards involved in such uses 
are so great that each use should be treated as 
an individual case. No general distribution of 
such sources seems to be tolerable. 
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Radiation Incidents Involving Sources 


The completeness of this review has been 
facilitated by the recent publication of an AEC 
compilation of case histories of accidents in- 
volving radiation sources in nuclear energy 
operations.®> These cases were tabulated in the 
June 1961 issue of Nuclear Safely, together with 
all other radiation incidents.** Included in this 
list were over 20 source incidents involving 
exposures to more than 50 persons. 


Conclusions 


The incidents, and the near-misses which 
have come to the attention of the reviewer, point 
out the very great importance of the human 
factor in the safe handling of radiation sources. 
The increased emphasis being givento radiation 
safety training by the AEC andby its contractors 
should provide a basis for an improved safety 
record in the next review period, Stricter con- 
trols over field radiography by AEC licensees 
would seem to be in order. (H. F. McDuffie) 
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Fisston-Product Release from UO, 


A major problem associated with fuel elements 
containing bulk UO, is the release of volatile 
fission products from the UO,. In a previous 
review article,! it was pointed out that two 
important areas of uncertainty in predicting 
fission-gas-release rates are the temperature 
distribution in the UO, and the rate of release 
of volatile fission products from a given batch 
of UO, at a given temperature. Since the publi- 
cation of the last review article on fission- 
product release from UO,, several papers have 
appeared which help to reduce these uncer- 
tainties, 


Temperature Distribution in UO2 


Postirradiation examination of some of the 
earliest UO, fuel elements tested revealed that 
regions of columnar grains were present at the 
centers of the fuel rods. Since these structures 
were reminiscent of the structure of metal 
castings, it was concluded that the UO, hadbeen 
molten at the center of the fuel rod during ir- 
radiation and that the observed structure de- 
veloped upon solidification. By assuming that 
the edge of the columnar region was at the UO, 
melting point, 5000°F, Eichenberg et al.” esti- 
mated the average thermal conductivity of ir- 
radiated UO, between 750°F and the melting 
point to be 1 Btu/(hr)(ft)(°F). This value has 
been used widely in the design of reactors with 
UO, fuel elements. 

Further studies revealed that the centers of 
fuel rods where columnar grain growth had oc- 
curred had probably not been molten after all, 
Robertson’ observed that outside the columnar 
grains there was a narrow band of relatively 
large, equiaxed grains, Outside these, the struc- 
ture of the pellets was unchanged, From a 
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knowledge of the grain-growth characteristics 
of UO,, an approximate temperature was as- 
signed to the outer limit of the equiaxed-grain 
region. An average thermal. conductivity of the 
UO, was then computed assuming that the edge 
of the columnar-grain region was at the melting 
point of UO,. An improbably low value for the 
thermal conductivity was obtained. 


In a series of out-of-pile tests, MacEwan and 
Lawson‘ and Newkirk and Bates’ duplicated the 
columnar-grain-growth region without central 
melting and postulated the following mechanism 
of columnar grain growth. In a steep tempera- 
ture gradient at temperatures near 3600°F, 
where the vapor pressure of UO, is appreciable, 
UO, sublimes on the hot side of small pores and 
condenses on the cold side. The pores then move 
toward the center of the rod and leave behind a 
single, oriented grain. Volatile fission products 
in the path of a pore are collected in the pore 
and released to the central void. Subsequently 
pores at the periphery of the columnar region 
move through the same region and continually 
sweep out the volatile fission products in the 
affected region. 


Additional confirmation of this mechanism 
was provided from examination by Robertson 
et al.° of fuel elements irradiated at much 
higher heat ratings than those of the earlier 
tests. It was observed that, within the region 
of columnar grain growth, there was another 
sharply outlined region, After short-time irra- 
diations (less than 1 min), this innermost re- 
gion was observed, but the region of columnar 
grain growth was greatly reduced. Thus it was 
believed that the inner region, whose extent was 
not time dependent, was the molten zone. By 
assigning a melting point of 5070°F to the 
boundary of the innermost region and esti- 
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mating the surface temperature to be 480°F, 
Robertson et al.° calculated that 


»5070° 


Sc "R(6) dé = 15 watts/cm 


This corresponds to an average thermal con- 
ductivity between 750°F and the melting point 
of about 1.7 Btu/(hr)(ft)(°F) for UO,. Below 
1800°F, the thermal conductivity values of 
Robertson et al.° were in agreement with the 
data of Scott.’ Above 1800°F, Robertson’s re- 
sults indicated a constant value of 1.62 Btu/(hr) 
(ft)(°F) for the thermal conductivity of UO,. 
More recent data® indicate that the thermal 
conductivity at high temperatures may increase 
Slightly. 

More recently, Bates’ has published evidence 
that the thermal conductivity of UO, increases 
with increasing temperature above about 2000° F. 
This evidence was based on postirradiation ex- 
amination of an element operated at a high heat 
flux and the correlation of the observed struc- 
tures with the known temperatures at which 
equiaxed grain growth and columnar grain 
growth occur. 

From postirradiation examination and data on 
unirradiated UO,, Bates gave the following 
equation for the thermal conductivity of UO,: 


wen, Ma “13 73 
k = 18+ Fp, + 4.37 x 1078 7 (1) 


where k = thermal conductivity, Btu/(hr)(ft)(° F) 
p = fuel density, g/cm® 
Py = UO, theoretical density, g/cm? 
T = absolute temperature, °R 


The first term in Eq. 1 is in accord with the 
normally observed decrease in thermal con- 
ductivity with increasing temperature for ionic 
solids. The second term is the contribution 
arising from the radiant heat transfer inporous 
solids, The agreement between observed and 
calculated values confirms the postulate that 
radiant heat transfer causes an enhancement 
of UO, thermal conductivity at high tempera- 
tures. Equation 1 predicts a value of 2.1 Btu/ 
(hr)(ft)(°F) for the average thermal conductivity 
of UO, between 750 and 5000°F. 

Although the discrepancy in the results of 
Bates’ and Robertson et al.° is unresolved, it is 
clear that the average thermal conductivity of 
UO, is higher than the 1 Btu/(hr)(ft)(° F) previ- 
ously supposed, Further, the discrepancy is 


minor if the fuel-element heat ratings ar 
modest and the central temperature of the UO, 
is not above 3000°F, 

The above data were obtained with pressed 
and sintered UO, pellets and probably do not 
apply for the recently developed swaged ani 
vibratory-compacted fuel elements, at least 
when they are operated at temperatures below 
the sintering temperature. The recent prelimi- 
nary data of Lamartine’’ indicate that the ther- 
mal conductivity of swaged UO, is about one- 
half that of pressed and sintered pellets with 
the same density. 


Rates of Release of Fission Products 


Numerous investigators '!'~*° have established 
that the primary mechanisms of fission-gas 
release from UO, are diffusion and recoil below 
about 2700°F. The amount released by recoil 
is a function of the shape and density of the fuel 
body, but it is independent of temperature, 
Under the normal operating conditions of most 
fuel elements, the recoil release is negligible 
compared with the amount released by diffusion, 
Thus most studies have been concerned with 
the rate of diffusion of fission products in UO,, 
Above 2700 to 2900°F, the processes of grain 
growth, columnar grain growth, and sublima- 
tion occur. The effects of these processes have 
not been assessed quantitatively, but they may 
account for the abnormally high rates of re- 
lease observed while structural changes were 
occurring. 14,16 

A comprehensive review of work on fission- 
product release from UO, prior to the fall of 
1959 was published by Cottrell et al.”’ A com- 
pilation of values of the diffusion coefficients of 
fission products reported by various investiga- 
tors was given, as were the equations for pre- 
dicting the fractions released under various con- 
ditions. The diffusion coefficients for inert gases 
in UO, showed considerable uncertainty, evenin 
regions where the equations appeared to be ap- 
plicable. The scatter in the data was about five 
orders of magnitude at 2550°F. Reported values 
of the activation energy'® were between 34 and 
81 kcal/mole. In view of these uncertainties, 
Cottrell et al.*! concluded that any particular 
fuel material should be characterized by 4 
measurement of the diffusion rate constant, 
D' = D/a*, where a is the radius of a sphere 
whose volume is that of the average solid fuel 
particle. The quantity D’ arises naturally in the 
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solution of the diffusion equation in spherical 
geometry and can also be used with success to 
characterize release from nonspherical parti- 
cles. The wide scatter in D’ values at a given 
temperature for UO, fabricated by different 
processes was concluded to result from lack of 
understanding of the effects of important pa- 
rameters affecting release, such as thermal 
conductivity, density, distribution of open and 
closed pores, grain growth, oxygen-to-uranium 
ratio, material discontinuities, andtemperature 
structure. 

More recent investigations have cleared up a 
number of these uncertainties. Long et al." 
have shown by neutron-activation studies that 
there is good correlation between the diffusion 
rate constant and the Brunauer-Emmett- Teller 
(BET) surface area in the range 1500 to 2900°F. 
The UO, compacts varied in surface area from 
7 to about 23,000 cm?/g. Over this wide range, 
the following equation was found to apply: 


log Dj-cqoy- (Sec!) = ~13.55+2 log S.A. (cm?/g) 


where S.A, is the BET surface area. 

From D’ values and surface areas, the diffu- 
sion coefficient D was calculated and found to 
follow the equation 


D (cm*/sec) = 7.8 x 10-8 exp (— 71,000/RT) 


where 7 is in °K, in the temperature range 
1500 to 2900°F. In the temperature range 2900 
to 4000°F, Long et al.'° observed that the rate 
of evolution of fission products was higher than 
that expected from diffusion alone and that the 
slope of the fraction released versus the square 
root of time increased with time. The effect 
was attributed to grain growth, which was also 
observed to occur in this temperature range. 
Independent studies of Toner and Scott!‘ on 
the release of Xe'*® from UO, using the neutron- 
activation technique confirmed the results of 
Long et al.,!° and the following relation between 
the BET surface area and D’ was found to apply: 


10g D5. 50 5 (sec) =—14.0+2 log S.A. (cm?*/g) 


Above 2900°F the rate of release was higher 
than would be predicted on the basis of diffu- 
sion, This was attributed to sublimation of UO, 
and grain growth, Contrary to early work by 
Eichenberg et al.,? no correlation between D’ 
values and UO, density in the range 90 to 96 per 


cent of the theoretical density was found, The 
differences between the results of the two in- 
vestigations can probably be explained as dif- 
ferences in the samples used; all the measure- 
ments of Eichenberg et al.? were made on 
pellets fabricated by a single method, whereas 
the data of Scott and Toner were obtained on 
pellets fabricated by a number of commercial 
vendors and by a variety of methods. In the 
density range studied, the ratios of the BET 
surface area to the total surface area varied by 
two orders of magnitude for pressed and sin- 
tered pellets of the same density but fabricated 
by different techniques. 

Stevens et al.!> have observed that a correla- 
tion exists between UO, density in the range 93 
to 97 per cent of the theoretical density and D’ 
values for pellets made by a given method but 
that there are exceptions to the general be- 
havior. These exceptions have been related to 
three microstructures which were anomalous 
for the density concerned, Stevens et al.'® also 
found evidence which suggests that the initial 
high rate of release normally observed dur- 
ing neutron-activation tests!!*!»!® is due to an 
oxygen-rich surface layer in which the xenon 
diffusion rate is much higher than in the bulk of 
the oxide, 

As a result of the recent work, the scatter in 
the values of the diffusion coefficient for Xe'** 
in UO, has been considerably reduced from the 
five orders of magnitude reported by Cottrell 
et al.”4 to about 1.5 orders of magnitude. A 
compilation of recent values obtained at differ- 
ent laboratories is shown in Table II-1. The 
reasons for the remaining scatter are not 
known. 


VALUES OF THE DIFFUSION COEFFICIENT 
FOR Xe!? IN UO, AT 2550°F 


Table II-1 





Laboratory D, cm*/sec Type of UO, Ref. 
ORNL 7.5 x 10718 Sintered 14 
Harwell 4.0 x 10735 Sintered 16 
BMI 1.1 x107' Fused 19 


Chalk River 5,1 x 107% Fused 15 


Values of D at 2550°F may be extrapolated to 
other temperatures by use of the Arrhenius 
equation once the activation energy is estab- 
lished, An average value of 65 kcal/mole was 
used by Cottrell et al. in making calculations. 
More recently, Long'® reported a value of 71 + 5 
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kcal/mole. Since this latter value was obtained 
in a hydrogen atmosphere, the effects of oxygen 
on the activation energy should have been negli- 
gible. Toner and Scott‘ and Stevens et al.'° ob- 
served a range of activation energies for dif- 
ferent types of UO,. The former work was done 
in a vacuum, and the latter was done in helium; 
therefore trace amounts of oxygen may have af- 
fected these results, Further work is needed to 
clarify present uncertainties. 

As discussed previously, Long et al.’® and 
Toner and Scott'* observed that rates of re- 
lease were higher than those predicted on the 
basis of diffusion above about 2900°F. Until 
further information is obtained on the mecha- 
nisms responsible for the effect, it seems 
safest to anticipate that all the fission products 
are released from those portions of the UO, 
which are above 2900°F. 


Studies of Fission-Gas Release 
from UO? During Irradiation 


Two important limitations of the neutron- 
activation technique for studying fission-gas 
release are that the burnups are low and the 
effects of fissioning cannot be evaluated. These 
limitations are removed when the rates of re- 
lease are measured in in-pile capsules through 
which a carrier gas is passed, By monitoring 
the amounts of short-lived krypton and xenon 
isotopes collected in suitable traps, much infor- 
mation can be obtained on ratesand mechanisms 
of release. A major difficulty with such sweep 
capsules is a temperature limitation set by the 
construction materials. Additional problems 
arise in temperature measurement and control, 
flux monitoring, and maintenance of the purity 
of the sweep gas, 

The rates of release of fission products from 
UO, in sweep capsules have been measured by 
Carroll” and by Melehan and Rough.'® Addi- 
tional studies are being made by Stubbs and 
Webster” at Harwell. Carroll’s measurements 
were made over the temperature range 800 to 
1800°F. In the range 800 to 1000°F, Carroll 
observed the temperature-independent release 
that is characteristic of recoils. At higher 
temperatures the rates of release increased 
markedly with increasing temperature in a 
manner characteristic of diffusion. The activa- 
tion energy for the diffusion of Kr** from UO, 
was found to be 30 kcal/mole. It was also ob- 
served that iodine diffused in UO, at about the 


same rate as xenon and krypton and had the 
same activation energy. 

The low-activation energy suggested that the 
UO, was oxidized during the test. This was con- 
firmed by postirradiation examination, as well 
as by observations of the release of stored en- 
ergy from the UO,. Carroll concluded that trace 
amounts of oxygen in the helium sweep gas were 
sufficient to oxidize the UO, during the test 
period. Oxidation was eliminated in later tests 
by the use of 3 per cent H,—97 per cent He as 
the sweep gas. In both atmospheres, Carroll 
observed bursts of activity on heating and cool- 
ing of the sample. 

In a second series of tests,”* Carroll and 
Baumann used platelets of ThO, outside the UO, 
to trap recoils. Since the diffusion rates of 
volatile fission products in ThO, could be ex- 
pected to be about the same as in UOh, it was 
hoped that the ThO, would eliminate direct re- 
coils. However, results showed no significant 
differences between the recoil contributions in 
the presence and absence of the ThO,; this ob- 
servation suggests that the “recoil” contribu- 
tion does not come solely from direct recoils, 

Melehan and Rough!’ helped to clarify this 
point with studies of two types of UO, in the 
temperature range 500 to 1500°F. One sample 
was a single crystal of fused oxide, and the 
other was a pressed and sintered platelet of 
UO,. The surface areas for direct recoil (geo- 
metric surfaces) were the same in the two sam- 
ples; however, the BET surface area of the 
pressed and sintered material was about 100 
times that of the fused-oxide sample. In the 
temperature range studied, only a very small 
temperature dependence of the release was ob- 
served, but surprisingly the rates of release 
were found to be proportional to the total sur- 
face area and not the geometric area. 

Melehan and Rough’? explained the anomalous 
release in these low-temperature experiments 
in terms of a knockout mechanism originally 
proposed by Lewis.”4 According to this theory, 
gas release occurs by localized evaporation of 
the fuel surfaces during the passage of fission 
recoil fragments near the surface. The energies 
of these vaporized fission gases would be much 
lower than primary recoils and thus would not 
reenter the fuel. Since some of. these fission 
gases would be retrapped by the condensing 
UO,, the amounts of fission gases would be de- 
pendent on the efficiency of recapture. How 
ever, in neither the work of Carroll?” nor 
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that of Melehan and Rough"® is there any evi- 
dence that the diffusion of volatile fission prod- 
ucts is greatly increased by simultaneous fis- 
sioning or that there is any increase in release 
which could be directly attributed to burnup. 

The work with sweep capsules leads to the 
conclusion that a new mechanism of release has 
been demonstrated, However, the temperature 
range studied has been too limited for use of 
the data to predict the contribution of this 
mechanism to the release of fission products 
in fuel elements that normally operate at con- 
siderably higher central temperatures, 

A limited amount of information is available 
on the release of fission products from UO, at 
high burnups. On the basis of data obtained from 
in-pile capsules, Toner and Scott'! concluded 
that there was no marked effect of burnup on D’ 
values up to a burnup of 16,400 Mwd/metric 
ton, At higher burnups at temperatures below 
1500°F, however, Bleiberg et al.”° found that 
the crystal structure of UO, was destroyed and 
that a large fraction of the fission gas was re- 
leased, The effect was found to be initiated at a 
burnup of 60,000 Mwd/metric ton, Such an ef- 
fect is not surprising in view of the change in 
composition associated with this burnup. 


Estimates of Fission-Product Release 
in Fuel Capsules 


A relatively simple method for predicting the 
amounts of stable fission gases released in fuel 
elements was given by Cottrell et al.” It was 
proposed that the temperature distribution could 
be computed by conventional heat-transfer equa- 
tions. An average temperature is then computed 
by use of the equation 


2T max. + Tsurface (2) 


T = 
3 





A D’ value associated with T is then selected 
on the basis of neutron-activation test results, 
and the fraction released is calculated by use 
of the equation 


F = VD" (3) 


= hs 


Where ¢ is the irradiation time. Equation 3 ap- 
plies for low values of the fraction released and 
When the structure of the UO, is unchanged by 
irradiation, For a given set of D’ values, the 


fractions computed by the above method were 
found to agree well with fractions computed by 
summing the release from a number of incre- 
mental volumes in the fuel elements, 


Scott?® used the method described above to 
estimate the fractional release of Kr® from 
prototype fuel elements for the Experimental 
Gas-Cooled Reactor (EGCR). These elements 
were irradiated in the Oak Ridge National 
Laboratory Research Reactor (ORR), andactual 
fractions released were measured by postirra- 
diation puncture tests at the Vallecitos Atomic 
Laboratory of the General Electric Company. 
Maximum burnups were of the order of 2000 
Mwd/metric ton. In making estimates a value 
of 1.62 Btu/(hr)(ft)(°F) for the thermal conduc- 
tivity of UO, in the temperature range 1300 to 
2900°F was used, and D’ values were calculated 
from measured BET surface areas by using the 
neutron-activation test results of Toner and 
Scott. The data were analyzed for the case of 
a 3-mil helium-filled gap between fuel and clad- 
ding and for the case of no gap. The results 
showed that the measured values of the Kr® re- 
leased generally fell within or close to the 
limits set by the 3-mil helium-filled gap and no 
gap. Further, most of the measured values 
were close to those predicted for a 3-mil 
helium-filled gap when the temperature of the 
type 304 stainless-steel cladding was about 
700°C. For those elements having cladding 
temperatures of about 800°C, the measured re- 
lease values corresponded more closely to the 
condition of no gap. These results are rea- 
sonable since the external pressure on the cap- 
sules was 320 psia and since creep with subse- 
quent cladding collapse would be more likely to 
occur at the higher temperatures. 


Robertson’ used a similar method of analysis 
to predict the dependence of fission-gas release 
on heat flux. These predictions were tested for 
a series of capsules which were irradiated for 
the same time at different heat fluxes and which 
contained specimens from the same batch of 
sintered UO,. Predicted values were compared 
with the amounts of free gas collected by punc- 
turing the cladding after irradiation in an 
evacuated enclosure. Close agreement between 
predicted and observed release was found. 
Robertson”’ asserts that “these tests and their 
interpretation have shown that it isunnecessary 
to assume anything like 100% release in even 
the most highly rated [high heat flux] fuel ele- 
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ments currently designed.’’ He also remarks 
that “designing for 100% release constitutes a 
deplorable waste,” 


Concluding Remarks 


Although much work is still needed to clarify 
mechanisms of fission-gas release from UO), 
reasonable estimates may now be made of the 
amounts released in in-pile capsules, at least 
for pressed and sintered UO, at modest heat 
fluxes. The major areas of uncertainty requir- 
ing further investigation are the fuel-cladding 
* interaction and the in-pile behavior and ther- 
mal conductivities of nonsintered UO, (e.g., 
vibratory-compacted and swaged oxides), Em- 
phasis should also be placed on the long-term 
effects of structural changes on release in fuel 
elements operating at high heat fluxes with both 
sintered and nonsintered oxides. 

(D. F. Toner and J. L. Scott) 


Activity Buildup in Pressurized- 
Water Reactor Systems 


The corrosion of in-core metals and the 
transport of “crud” by the coolant in a pres- 
surized-water system results in some buildup 
of activity throughout the primary system. As 
experience has been gained with operating re- 
actors, it has been observed that this activity 
buildup produces radiation fields that may be a 
safety hazard to personnel. The radiation levels 
encountered may only limit accessibility during 
routine operation, but they may also pose more 
serious problems during extensive maintenance 
operations. This article brings up to date apre- 
vious article on this subject.” 


Activity Buildup 


The term crud is used to designate the cor- 
rosion and wear products produced in the cir- 
culating system. Studies of the behavior of the 
crud indicate that a portion of it continuously 
migrates from one part of the system to 
another, At any particular time, only very small 
amounts (<1 ppm) of dissolved and suspended 
material are present in the circulating cool- 
ant,” but the rapid accumulation of a large 
number of coolant cycles results in effective 
transport. In the course of this transport, the 
crud is in neutron-flux regions a portion of the 
cycle time. Deposition in high-flux regions has 


been attributed to two mechanisms,” a hydraulic 
effect that operates mainly on the particulate 
matter and radiation effects that operate on 
colloidal or soluble matter. The activated nu- 
clides that reenter the coolant stream are dis- 
tributed through the crud of the system by 
both particulate- and ion-exchange processes 
that are usually irreversible.”’ Table II-2 lists 
some of the important radioactive nuclides 
that have been found in the circulating streams 
of pressurized-water reactors.*! 

Table IIl-2. REACTIONS IN COOLANT THAT PRODUCE 

ACTIVATION DURING 

NORMAL REACTOR OPERATION 





Halt life 





Reaction Radiation 
Fe*8(n,y) Fe Beta, gamma 15 days 
Ni*®(n, p)Co® Gamma 71 days 
Co®(n, y)Co® Beta, gamma 5.2 years 
Cr (n,yyCr®! Gamma 27 days 
Fe*4(n,p)Mn*4 Gamma 300 days 
ie Gamma 


Ta'®(n, 4 )Ta 


112 days 


The importance of the various nuclides in 
crud activity buildup is indicated by data given 
in Table II-3 for the Shippingport Pressurized- 
Water Reactor (PWR) and the Stationary Medium 
Power Plant No. 1 (SM-1)** (formerly the Army 
Package Power Reactor). 


Table 1I-3) INDUCED ACTIVITIES FOUND IN 
PRESSURIZED-WATER-REACTOR CRUD 





Crud activity 





as percentage 

Activity, of total 

dis/(min)(mg of crud) activity 
Nuclide PWR SM-1 PWR SM-1 
Co” 5.8 x 10° 3.9 x 10° 39.2 10.8 
Co 2.5 x 108 21.0 x 105 16.9 58.0 
Fe® 1.8 x 108 5.0 x 10° 12.1 13.8 
cr®! 2.2 x 108 1.9 x 105 14,8 13.5 
Mn*4 0.8 x 108 1.4.x 10° 5.4 3.9 





The distribution of the activity among the 
several nuclides is, of course, dependent on the 
specific reactor. Thus the relatively high Co” 
activity in the PWR crud shown in Table II-3 
is attributed to the fact that the control-rod 
mechanisms are located above the reactor 
core.” As a result, corrosion and wear prod- 
ucts from Stellite (~50 per cent Co) control- 
rod components may drop down and lodge in 
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high-flux regions with resultant high production 
of activated cobalt. Similarly, the relatively high 
quantity of Co”® in SM-1 is attributed to the fact 
that the SM-1 fast-to-thermal flux ratio is seven 
times that of the PWR; this, combined with the 
stainless-steel cladding, favors the high energy 
(n,p) reaction” on Ni®® in the SM-1 relative to 
the PWR, which uses Zircaloy cladding. 

The buildup of activity and its nature, then, 
are a function of many variables, including 
primary system materials, core materials, re- 
actor characteristics, coolant chemistry, pri- 
mary system flow, and primary system geome- 
try. Some of these variables may apply generally 
to reactors of given type, whereas others may 
be specific to a given reactor, with character- 
istic changes in the activity buildup encoun- 
tered, In general, of course, the long-lived ac- 
tivities are the most important since they will 
predominate after long periods of power pro- 
duction. Fission-product activity has not been 
found to be a significant contributor to activity 
buildup so far.” 

The radiation levels that result from buildup 
of activated crud range from 0.1 r/hr or less 
to several roentgens per hour. Cutie Pie meas- 
urements of the SM-1 primary system” gave 
the following radiation levels: 


1, An elbow in the pressurizer line reached 
4 r/hr, but the level dropped to 50 mr/hr when 
the system was drained. The geometry of the 
elbow was such as to provide a trap for loose 
material which presumably flushed out. 

2, Primary piping radiation levels ranged 
from 0.2 to 0.6 r/hr, depending on geometry 
factors, 

3, The impeller and shroud of one of the 4000 
gal/min primary coolant pumps read 2 r/hr at 
contact, 

4, The radiation levels were 0.4 and 1.4 r/hr 
on the vaporizer and superheater sides of the 
steam generator, respectively. This compares 
With a level of 2 r/hr “as close as practical” 
to the tube sheet of a PWR steam generator. 

5. The dose-rate buildup at all points was 
approximated by the equation y =cx’, where y 
is the dose rate in milliroentgens per hour, x 
is the number of months since reactor startup, 
and c is a constant ranging from 0.2 to 1.0, de- 
pending on the particular point in the system. 


Similarly, the work-area radiation field dur- 
ing removal of the rod-drive mechanisms of 
the PWR in the first refueling operation was 





150 to 400 mr/hr with shielding and 1 r/hr 
without shielding. Individual components of the 
mechanisms ranged in activity level from a few 
tenths to a few roentgens per hour as a result 
of deposited crud.*” 

The presence of such radiation fields results 
in an appreciable increase in the hazards to 
personnel, This is particularly true during 
maintenance operations when the plant is, of 
necessity, in an abnormal condition, The radia- 
tion levels and possibilities for spread of con- 
tamination during such periods require the 
application of stringent measures for the pro- 
tection of personnel. Health-physics supervision 
of radiation dosages, protective clothing, and 
equipment, as well as facilities for decontami- 
nation and active waste disposal, are needed, 
not only for safety but also for efficient work 
progress, Thus there is material incentive for 
the reduction of such buildup from both the 
safety and economic viewpoints. 


Activity Control 


As experience with operating reactors has 
directed attention to the importance of this phe- 
nomenon, studies have been undertaken to pro- 
vide means of controlling it. Some of the im- 
portant means indicated by such studies are 
discussed briefly below. 


Design Fealures. The most obvious means 
of reducing the crud concentration inthe coolant 
is use of the following design features: 


1, Elimination of crud traps and accumulation 
areas, such as cracks, crevices, and points of 
abrupt change in flow, 

2. Minimization of moving-part wear and lo- 
cation of such parts so that wear products are 
least likely to get into the coolant stream. 

3. Wherever possible, use of materials which 
are not a source of undesirable nuclides, e.g., 
minimize cobalt content of stainless-steel fuel 
cladding®® and substitute noncobalt-containing 
alloys, particularly in the core region, 


The mathematical equations developed by sev- 
eral investigators*4*5 are useful in developing 
special materials specifications. 


Coolant Chemistry, Experience in operating 
reactors indicates® that activity buildup is re- 
duced when the coolant pH is raised from 7 to 
10. This is attributed to a reduction in trans- 
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portable crud as a result of lower corrosion 
rates and the formation of more tenacious films 
at the higher pH’s. Lithium hydroxide is the 
recommended reagent for pH control for a va- 
riety of reasons: it does not cause radiolytic 
dissociation, it is the least aggressive reagent 
with respect to caustic stress-corrosion crack- 
ing, and there is a considerable backlog of 
prooftesting of it in operating reactors. Careful 
exclusion of oxygen from the coolant system 
has also been demonstrated to be important, 

presumably because increased corrosion due to 
~ the presence of oxygen results in higher crud 
levels.*" 


Purificalion System. Fixed-bed mixed-ion 
exchangers are conventionally used for coolant 
purification; however, in the KAPL-37 Test Fa- 
cility and the S3G Reactor,* their effectiveness 
is rather low (0.10 to 0.15) when judged on the 
basis of the ratio of the activity removed by the 
purifier to the activity of the out-of-flux system. 
Other purification means, including evaporation, 
hydrocloning, and centrifugation, have been ex- 
amined,*® but they were discarded on the basis 
of higher cost. It is conceivable, however, that 
another system, such as evaporation, which 
could give very high decontamination*® factors 
for all constituents of the recycled water, might 
give lower over-all costs when activity buildup 
costs are completely evaluated. 


Decontamination. Considerable effort has 
gone into the development and testing of decon- 
tamination reagents and techniques. Several 
reagents and techniques have been satisfactorily 
tested in the laboratory and in loops, butthe ex- 
perience on reactor systems is more limited. 

(E. G. Bohlmann) 


Studies in Reactor Kinetics 


One of the fundamental problems involved in 
designing a reactor is to determine the re- 
sponse of the system to a large, fast reactivity 
increase. In research reactors many types of 
accidents might result in such reactivity inser- 
tions; for example, void collapses in or near 
the core, fuel elements dropping into or onto a 
nearly critical reactor, poison samples falling 
out, and others. Even in power reactors which 
are not normally subject to such vagaries, 
“cold slugging” or loading accidents may con- 
ceivably cause such an excursionin some cases, 


The designer therefore needs to know (1) what 
the reactivity effect of a given configuration 
change will be, (2) what positive period a given 
reactivity step will give rise to, and (3) what 
the system “defense,” either inherent (void and 
temperature coefficients, etc.) or imposed (con- 
trol rods, fuses, etc.), will achieve in limiting 
the excursion, 

The relation between the change in the neu- 
tron economy and the period such a change 
occasions in the reactor is embodied in the so- 
called “inhour equation” which relates a reac- 
tivity, p, with a period, 7. Gross and Marable“ 
have shown that the inhour equation can be 
rigorously derived by considering gross neutron 
conservation in terms of a “dynamic” multipli- 
cation factor, kg, or alternatively in terms of 
the more commonly used “static” multiplica- 
tion factor, ks. The static reactivity, p,, is de- 
fined as 


_ks-1 
ks 





Pg 


and the dynamic reactivity is equivalently de- 
fined in terms of the dynamic multiplication 
factor, kg. The space-independent inhour equa- 
tion for the dynamic reactivity is given by 


_ & Bi 
“°F 1+A,T (4) 
where A is the neutron generation time, £; and 
Aj are the ith delayed-neutron absolute yields 
and precursor decay constants, respectively, 
and 7 is the stable reactor period. Under cer- 
tain conditions, which in practice are applicable 
in almost all cases to thermal reactors, it is 
shown that, similarly, the static reactivity may 
be stated as 


A Bileff) _ Bi 


eee ee. eee 
s fy J 1+A;T T JjJ1+A;T 





where fi(eff) = y8; is the effective delayed- 
neutron fraction which takes account of the 
relatively increased effectiveness, y, of delayed 
neutrons in causing further fissions due to 
their lower initial energy and hence increased 
nonleakage probability, The approximation is 
made here that the nonleakage probability of all 
delayed-neutron groups is the same, i.e., that) 
is a constant applicable to all i delayed-neutron 
groups. 
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Fundamentally, the measurements of changes 
in reactor multiplication are measurements of 
periods, which are then converted to reactivities 
by equations such as 4 and 5 above in order to 
attain additivity of the effects of small changes. 
To interpret results of such measurements, it 
would then be necessary to know which defini- 
tion of p was employed. However, a far more 
“natural” method is available for reporting such 
data. If both sides of the above equations are 
divided by 


B=27 8, or Bett = 27 Biest) 
respectively, one obtains the relation 


< B;/B 
08)= + Dre (6) 





where the reactivity is expressed in dollars 
and A* = A/G or A/feff as the case may be. 

The advantages of this method are several. 
For one, the ambiguity as to which reactivity 
definition is used is avoided. More important, 
in “static” measurements of reactivity where 
only the second term on the right enters the 
equation [A*/T < ¥,(8;/8)/(1 + iT) for large 
T|, only the relative yields of the delayed- 
neutron groups enter, and these are known more 
accurately than the absolute yields. In “dy- 
namic” measurements, however, such as those 
made by the pulsed-neutron method, only the 
first term enters, and it is apparent that the 
quantity A* is the one directly related to the 
measured period, In fact, at criticality, A* is 
just equal to the prompt period. With reactivity 
results reported in dollars, comparisons with 
calculations can be made unambiguously, since 
the quantity calculated depends on the calcula- 
tional method and can be properly converted 
into dollar units based on a knowledge of the 
calculation, 


Reactivity Measurements by Static Methods 


As has been pointed out above, if reactivity 
steps are small, the “prompt” term of the in- 
hour equation is negligible compared to the 
delayed-neutron terms, and knowledge is re- 
quired only of the delayed-neutron precursor 
Periods and relative yields to obtain the reac- 
tivity in dollars from period measurements. 

The most common experimental technique, 
usually referred to as the inhour method, con- 


sists of making the reactor supercritical in 
successive small steps, measuring the stable 
positive period due to each step, and compen- 
sating for each step in turn by some other 
method, such as insertion of other control rods, 
uniform poison addition, and reflector-height 
variation. 


A great deal of such work has been done, A 
particular experiment of this type, directly ap- 
plicable to reactor safety, is the measurement 
by Reynolds et al.*! of the reactivity effect of 
large voids adjacent to a pool reactor. Large 
air voids were constructed by moving water- 
filled Plexiglas containers inside an air-filled 
tank covering one entire face of a pool type re- 
search reactor. Changes in the reactivity re- 
sulting from variation in the size and location 
of the void and from varying the separation of 
the void from the core were measured by the 
inhour method using strips of distributed poison 
to extend the range of reactivity available. In 
this way reactivity effects of about 4 dollars 
were observed. Statistical weight correlations 
were compared with the experimental data, and 
the agreement was quite good, even though the 
voids were treated as gray absorbers of the 
same interface area, neglecting effective trans- 
port and energy change of neutrons reflected 
back to the core from void surfaces. The re- 
sults are good enough to permit calculation of 
arbitrarily shaped and positioned voids in simi- 
lar reactors by using the statistical weight 
concept, 


Disadvantages of measuring the reactivity 
changes by the inhour method with “quasi- 
distributed” poison are (1) the long waiting 
time necessary for the asymptotic period to 
become established, with attendant possibilities 
for errors introduced by insufficient waiting 
time and (2) the possibility that errors may be 
introduced by flux-shape perturbations due to 
removal of some of the poison strips, and by 
the configuration change which is to be meas- 
ured. 


The first problem is avoided by a method 
discussed by Braffort’? and Stubbs** and re- 
ported in application by Sastre.“* In this tech- 
nique the time variation in the neutron density 
is fed as input to an analog computer that solves 
the space-independent kinetic equations con- 
tinuously in real time and thus affords an in- 
stantaneous reading of reactivity without await- 
ing the establishment of the asymptotic period, 
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In the experiment reported, the kinetic behavior 
of a heavy-water-moderated critical experiment 
was modeled by using six delayed-neutron 
groups and six delayed-photoneutron groups. 
This type of reactivity measurement, although 
offering the advantage of instantaneous informa- 
tion output, does have inherent difficulties. The 
major difficulty is due to the local nature of the 
neutron detector. Thus it responds not only to 
flux changes due to the reactivity of the reactor 
but also to local flux-shape changes caused by 
. the configuration change. This effect is not a 
problem in period measurements, since the 
slope of the asymptotic flux does not depend on 
the change of flux magnitude at the detector 
caused by the configuration change. In the 
Sastre“ method, after ‘a long enough time, the 
reading on the reactivity meter will alsorecord 
the correct reactivity again, but the time con- 
stant of this asymptotic approach to the correct 
value is the same as that for the inhour method. 
Thus, if it is necessary to wait for the asymp- 
totic approach, the advantage of the Sastre 
method is negated. However, if the reactivity 
change is caused by uniform changes, such as 
temperature or uniform void-fraction changes, 
or if the distance from the perturbation to the 
detector is sufficiently large, the effects of flux 
perturbation may be negligible and a correct 
value of reactivity immediately following a 
change will result. The high expense of this 
scheme makes it attractive only in situations 
where many reactivity measurements are re- 
quired, 

Two other releated techniques are the “rod- 
drop” and “source-jerk” methods of determin- 
ing reactivity changes. The essence of the rod- 
drop technique is to perform the reactivity 
change by inserting the negative reactivity into 
the initially critical reactor and observing the 
time change of the flux. In the source-jerk 
method the reactor is initially subcritical by 
the amount to be measured with a source main- 
taining constant flux; the source is rapidly re- 
moved, and the reactivity is determined from 
the transient response of the flux to the source 
removal, 

Two techniques for interpreting the data ob- 
tained in such experiments have been described 
by Hogan.** Neither technique requires meas- 
urement of the flux as a function of time during 
the transient response. One method is an inte- 
gral counting method; the other is a differential 
method, 


The integral counting method involves sum- 
ming all the neutron counts detected during the 
transient, which requires from 5 to 10 min for 
reactivities of the order of 1 dollar and longer 
times for smaller reactivity differences. (Note 
that Eq. 8 of Hogan’s paper,‘ which gives p in 
terms of the measured quantities, is in error; 
the quantities y; should be replaced by );.) The 
differential method requires a measurement of 
the linearly rising asymptotic flux resulting 
from the presence of a source in the critical 
reactor and a measurement of the magnitude of 
the level flux with the same source, after the 
rod-drop has been performed, 

With the rod-drop and source-jerk techniques, 
as with the Sastre method, it is important to 
place the detector so that it does not “see” the 
spatial variation of the flux engendered by the 
perturbation.“ The equations for the reactivity 
given by Hogan are for the static reactivity and 
can be transformed into equations for reactivity 
in dollars to remove the necessity for this dis- 
tinction. The “integral method” equation then 
becomes 





_ NO) \ 6;/8 
—p($) = n(0) 2 e : 
where N(0) and (0) are, respectively, the count 
rate just after the perturbation and the total 
number of counts during the transient. 

The prompt term can be included in this 
method, although, as Hogan points out, it is 
usually negligible. Including this term gives the 
relation 


_ NO) (,, Sv Bi/B 
pts) = MO (se 0 8) 


Similarly the exact reactivity equation in dollar 
terms for the “differential method” is 


N 4 
—p($) “YN, (1 +) af) 


where N and N, are, respectively, the linear 
slope of the flux in the critical reactor with the 
source present and the neutron flux density just 
after the source jerk. 


Measurements of Prompt Generation Time 


In the methods outlined so far, the prompt 
term in the reactivity equation has been either 
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completely negligible or has appeared only as a 
small correction term to the delayed-neutron 
terms. 


However, the “prompt” term in the reactivity 
equation, Eq. 6, has a fundamental importance 
in the context of this review for two basic’ rea- 
sons. For one, there exists a class of reactivity 
measurements, namely, the “pulsed-neutron- 
source” measurements,‘’’~ °°’ which relies ex- 
clusively on the measurement of prompt effects 
and thus depends only on the knowledge of the 
“reduced generation time” A* and not at all on 
the knowledge of any delayed-neutron parame- 
ters. For another, this reduced generation time 
is the essential parameter which determines 
the response of the reactor to a large, fast re- 
activity increase and thus is the key to the 
excursion behavior of the system which de- 
termines the requirements on the safety sys- 
tem. Lewin*! has pointed out that two neutron- 
lifetime parameters may be defined. The gen- 
eration time A (which is defined by Gross and 
Marable in Eq. 30 of reference 40, but which 
they call the lifetime /*) is the reciprocal of the 
neutron production per neutron and per unit 
time. The neutron lifetime / is givenby the neu- 
tron destruction (leakage plus absorption) per 
unit time and per neutron (Gross and Marable 
call this the lifetime /* also, as defined in 
Eq. 43 of reference 40). The relation between 
the two is A=1//kg. Lewin shows that in a 
critical reactor the two are identical, but, if 
the reactor is not critical, they differ. In par- 
ticular, he points out that a reactivity change 
made by a black absorber, which leaves the 
production unchanged, changes /, but leaves A 
unaltered; on the other hand, if a reactivity 
change is made with a gray rod replacing fuel 
80 as to keep the absorption unaltered, then / 
remains unchanged but A is altered. These 
statements do not strictly hold, since the spec- 
trum and the importance function are changed 
even if only a black absorber is moved or if 
the thermal absorption can be kept exactly 
Unchanged, 


The reduced generation time A* can be 
measured by a variety of methods, including 
the pulsed-neutron technique, pile-oscillator 
and pile-noise analysis methods, static 1/v- 
absorber method, and analysis of excursion ex- 
periments. 


The pulsed-neutron technique has been ap- 
plied in a number of experiments by deSaussure 





and Silver.**-*4 The reactor in a known condi- 
tion of reactivity is pulsed with a short burst 
of neutrons, and the decay is observed during a 
time interval after the burst that is long enough 
for the fundamental spatial mode to have become 
established and so short that no delayed neu- 
trons are observed, Under these conditions the 
first term in Eq. 6 is the only one entering, and 
we have the relation 


The theoretically simplest -and most accurate 
way to know the reactivty is to have the re- 
actor critical. Then A* is just equal to the 
prompt pulse-decay period Th « However, inthis 
situation the pulsed source (representing an 
average constant source over long times) gives 
rise to a large linearly rising background 
against which the decay must be observed. This 
makes the accurate determination of A* diffi- 
cult, 


The background is much reduced and remains 
constant in time, if the experimentis performed 
in a subcritical reactor. However, this entails 
two sources of error. For one, the dollar value 
of the reactivity must be known by some other 
measurement (usually inhour methods in a 
supercritical system with a different configura- 
tion from that of the subcritical pulsed system), 
and, for another, the value of A* may be differ- 
ent in the subcritical configuration than at 
critical. So long as the difference from criti- 
cality is less than about a dollar, the latter ef- 
fect is small, but, particularly if the reactivity 
change is due to production changes (as pointed 
out by Lewin’!), a change in A* will occur. The 
best pulsed-neutron values for A* were there- 
fore obtained by pulsing the critical reactor. 


Spano” reports on both a static measurement 
using a 1/v absorber and an excursion analysis 
of A*, both measured on the Bulk Shielding 
Reactor II (BSR-II), a light-water-moderated 
stainless-steel research reactor.” The ab- 
sorber technique is- based on the fact that the 
effect of a small uniform addition of a 1/v ab- 
sorber can be written in the form 


bkg_ 8 
kg + -Xq + DB? 


which, by the definition of / given by Lewin,” 
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is —62_4%,/. If a 1/v absorber of known cross 
section is used to obtain 62,, then 


_ FawvoN 
Vth 


624 


where JN is the atomic density of the added ab- 
sorber if the reactor is bare and homogeneous, 
If the reactor is not homogeneous and bare, 
then Ness, a properly defined effective mean ab- 
sorber density, is used instead, 

The experiment was performed by separately 
poisoning portions of the reflector or the entire 
reactor tank with dissolved boron, In this fash- 
ion the effectiveness integrals entering Neff 
were evaluated, and a value of /* was obtained 
by making inhour measurements, in dollars, of 
the reactivity effect of the poison addition. 
Since this value of /* is obtained ina critical 
reactor under static conditions, A* =/* in this 
case, The result, /* = 2.84 0.13 msec, agrees 
with the value measured for this reactor by 
other methods, In the same report,*® Spano dis- 
cusses a determination of /* by analysis of the 
excursion experiments on the BSR-II. The 
reciprocal of the stable positive period follow- 
ing a step insertion of a known amount of reac- 
tivity (by use of a control rod calibrated in 
dollars by the inhour method) is plotted against 
the quantity 


(P — Pg)(1 + pBy) 


where p and pg are the reactivity and the de- 
layed portion of the reactivity corresponding to 
a given period, 

The delayed effect is not experimentally 
avoidable here, as in the pulsed experiments, 
so that the pg term must be calculated (using 
the Keepin et al.’ delayed-neutron data) and 
subtracted. The resulting curve, covering a 
range from 50 down to 3 msec, is linear and 
passes through the origin within the limits of 
experimental accuracy. The slope of this line 
gives /* = 2.87+ 0.02 msec, which agrees well 
with the static value obtained in the same core. 

The pile-noise-analysis method for obtaining 
A* (equal to /* since the technique is used on a 
critical reactor) has been described in two 
papers by Cohn,**°? It is closely related to the 
measurement of /* by the pile-oscillator tech- 
nique. In both cases the parameter required is 
the square of the magnitude of the zero-power 
transfer function at high frequencies. 


The zero-power reactor transfer function 
G(w) is given by 


.  Beft B;/l 
1— jwi Pet) _ Pi 
juot Petty) 


7 rit jw 
j 1+ eff Bish 


At high enough frequencies the A; becomes 
negligible compared to jw, where w is the angu- 
lar frequency, / the prompt neutron lifetime, 
and 2; and A; are the delayed-neutron yields 
and periods, respectively. 

The equation then reduces to 


G(w) = 





1 — Bere 
G WwW) = —___——_ 
(w) Bett + jwl 


The square of the magnitude is 


Glw) |? = (1 — Bert)? ad 1 


[ey] Be 


In noise-spectrum measurements the noise- 
frequency spectrum is considered to consist of 
a white-noise contribution from instrument and 
detection statistics and a component from the 
pile-flux fluctuations, The mean-square ampli- 
tude thus has the form A + [B/(a? + w’)], where 
a = Beft/l. The frequency response of the ana- 
lyzer and detector system is measured with a 
white-noise source; the resulting curve shape 
for |G(w)|? versus w can be fitted to the best 
value of the parameter a. Cohn reports such 
measurements in the ZPR-V reactor and four 
other reactors at Argonne National Laboratory, 
with results for each that are accurate to about 
2 per cent in the best case but only 50 per cent 
in the worst, a D,O reactor for which a~! hada 
value of 20.4 sec™', This poor accuracy was due 
to the fact that the analyzer response rolled off 
very rapidly in the frequency region where the 
transfer function rolloff occurs. A frequency 
analyzer with a lower limit in frequency would 
improve these results. 

The pile-noise-analysis method has alsobeen 
applied to the BSR-II with a result®’ of A*= 
2.6 + 0.3 msec. This is not as accurate a meas- 
urement as was reported for the same reactor 
by the two other methods above, but it agrees 
within the limits of error. 

Both transfer-function techniques have been 
used in analyses of the KEWB and the Sodium 
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Reactor Experiment (SRE) reactors, as re- 
ported by Griffin et al.*'® In the SRE a value 
of 5.25 x 10-4 sec was obtained with both tech- 
niques, but with errors of 6.7 per cent using an 
oscillator and 13.3 per cent by noise analysis. 
With a pile oscillator the perturbations are 
not noise induced but, rather, are artificially 
inserted with some periodic absorber motion 
that is carefully designed to approximate a 
pure sine-wave function in reactivity. In this 
type of experiment, the amplitude and phase of 
the transfer function are directly observed, and 
the analysis follows the general lines described 
above. A careful study of oscillator design was 
carried out by Wasserman and Spano®* for 
measurements in pool type reactors at the 
Special Power Excursion Reactor Test (SPERT) 
facility at the National Reactor Testing Station. 


Dynamic Reactivity Measurements 


The pulsed-neutron technique, which hasbeen 
described above as a means of measuring A*, 
is also applicable to the measurement of reac- 
tivity effects, with particular usefulness in 
cases where the flux-shape changes are not 
negligible and where the effects are of large 
magnitude (several dollars). Consideration of 
the “prompt reactivity equation” 


* 
p(s)= +4 
p 

shows that, once A* is known, the reactivity of 
a given reactor configuration, if it is negative, 
may be directly obtained from a measurement 
of Tp, the decay constant of the neutron flux in 
the reactor after a burst at times short com- 
pared to the delayed-neutron precursor periods, 
provided A* remains constant or its change can 
be calculated, A good example of the application 
of this technique is the measurement of the re- 
activity worth of a central fuel element in the 
BSR-I by deSaussure et al.‘ This experiment, 
like the other pulsed-neutron experiments on 
the BSR-I and BSR-II reactors, was performed 
by mounting a 300-kv Cockcroft-Walton deu- 
teron accelerator above the Bulk Shielding Fa- 
cility pool, with a 23-ft deuteron flight tube 
leading down into the pool so that the tritium 
target was positioned in close proximity to the 
reactor core. 

After determining the value of A* in the 
critical reactor, the central fuel element was 
removed and the reactor pulsed to determine 


Tp. The report™ is notable for its careful con- 
sideration of the change in A* caused by the re- 
moval of the central fuel element. A perturba- 
tion calculation was performed to determine 
the change in A*, using real and adjoint fluxes 
calculated by two-group PDQ code calculations, 
and flux integrals obtained from these using the 
APCO-1 code.™*® The central fuel element was 
found to have a reactivity worth of 6.1 dollars, 
which caused a change of 10.2 per cent in A*, 
It is clear that changes of this order of magni- 
tude are not negligible, and such calculated cor- 
rections to A* in measuring multidollar reac- 
tivity effects with the pulsed-neutron method 
should always be made. : 

A somewhat different technique for making 
reactivity measurements with pulsed neutrons 
is the pulsed-neutron investigation of “models” 
of the reactor containing no fuel but having 
similar neutron diffusion characteristics, The 
decay constant of the thermal-neutron popula- 
tion in such a passive assembly with and with- 
out the mockup of the control rod present 
gives directly the change in the buckling due 
to the poison addition or other configuration 
change.**6? Such studies have been carried out 
with a cadmium absorber in water by Nilsson 
and Sjéstrand®® and with variously shaped cad- 
mium absorbers in beryllium assemblies by 
deSaussure et al.°? This technique is useful in 
that it permits accurate calculational compari- 
sons with control-rod calculations for black 
rods in thermal reactors where no epithermal 
effects are present, but, by the same token, the 
method has shortcomings as a device for ob- 
taining reactivity worths of actual reactor 
control-rod mockups because these effects are 
neglected. 


Measurements of Effective 
Delayed-Neutron Fraction 


As has been repeatedly stressed above, 
knowledge of eff is not required in reactivity 
and kinetic work if the measurements are re- 
ported in dollar units and the reduced genera- 
tion times are used, However, measurements 
of Bett have been performed on several reactor 
systems and will be reviewed briefly. The 
method used for such measurements is the 
substitution technique first described by Ruane 
et al.,"” wherein a small amount of fuel is re- 
placed by an absorber of equal absorption cross 
section, Kaplan and Henry" have reported such 
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a measurement, with the analysis based on con- 
sidering the substitution as an effective change 
in vy, the number of neutrons per fission, The 
poison used in this experiment was a mixture 
of boron and hafnium intended to mock up the 
absorption of the displaced fuel both in the 
thermal and resonance energy ranges. Experi- 
mental considerations made it necessary to 
make the displacement of fuel by the absorber 
in one small region at a time; the additivity as- 
sumed in this procedure is considered and 
justified. However, it adds to the uncertainty of 
the result, A final value is quotedas y = Berf/8 = 
1.334 0.066. This corresponds to eff = 
0.0085 + 0.0005, using the 8 measuredby Keepin 
et al.°’ The reactor used wasa water-moderated 
critical assembly (submarine project critical 
assembly) with fuel elements consisting of zir- 
conium and uranium strips held in aluminum 
clips. 


The same experimental technique was used’” 
by Perez-Belles et al. in the BSR-I. They con- 
sider the substitution to be a reactivity change 
which can be measured in dollars and calcu- 
lated accurately in fractional units so that the 
ratio gives Gers directly. It appears to the re- 
viewer that this theoretical approach is more 
reasonable than the one employed by Kaplan 
and Henry, although both lead to the same re- 
sults. In this case the fuel was replaced by B,C 
dispersed in aluminum, one fuel plate at atime; 
the absorption cross-section mismatch was cor- 
rected by a calculation using real and adjoint 
flux integrals obtained from a three-group PDQ 
calculation, In this case the result in eff is 
given as 0.0080 + 0.0002, or y= 1.254 0.05. A 
direct calculation of » was also performed, 
using the PDQ code calculations, which yielded 
a value of 1.25, in good agreement with the 
measurement, It is pointed out that Reynolds 
et al.“! calculated y using the relative nonleak- 
age probabilities in an equivalent bare BSR-I 
configuration, with a result of y = 1.22, also in 
agreement with the measurement, so at least 
in thermal, light-water-moderated reactors, 
a simple nonleakage probability calculation 
based on the Fermi age to thermal of fission 
and delayed neutrons would appear to be ade- 
quate for estimating >. 


Reactor Excursions 


The SPERT program was reviewed by J. C. 
Haire of the SPERT Project in the March 1961 


issue of Nuclear Safely,” insofar as it concerns 
self-shutdown mechanisms in reactors. An ad- 
ditional study of interest was carried out with 
the BSR-II reactor, where not only self-limiting 
excursions were observed but the effects ofa 
fast control system were also studied to deter- 
mine its effectiveness in reducing the peak 
power of excursions of a given initial stable 
period. 

Following a series of static measurements in 
the SPERT-I facility to determine flux shape, 
temperature and void coefficients, and inhour 
measurements of the control rods, a series of 
transient tests was undertaken,® ">" all from 
a subcooled zero-power initial condition. In one 
series of tests, the power excursion was self- 
limiting by the action of the inherent reactivity- 
compensating mechanisms of the reactor. The 
peak power versus reciprocal period curve for 
this test series was almost identical with that 
for a previous test series using another 
stainless-steel core and was in substantial 
agreement with the predictions of the energy 
model of self-shutdown,” In another series of 
tests, the control system (described by Tallack- 
son et al.’’) was used to limit the excursions, 
Two types of safety circuits were used: period 
scram and level scram, In order to test both, 
some runs used only the level scram circuits, 
In all cases where both were active, the period 
scram circuit shut the reactor down. The main 
conclusions to be drawn are the following: 

1. For reciprocal periods up to 200 sec™, 
the peak power of excursions with safety cir- 
cuits operating was more than five decades less 
than in self-limiting excursions of the same 
reciprocal period; with only the level scrams in 
operation, the peak power is reduced by more 
than three decades up to 100 sec~'. Despite the 
fact that this safety system has a fast response 
(only about 2-msec magnet-release time, and 
8-g initial control-plate acceleration), which 
removed 1 dollar of reactivity in the first 50 
msec after scram signal, there exists a recip- 
rocal period beyond which the control system 
cannot limit the excursion to peak powers any 
lower than the inherent shutdown mechanism 
provides. For the period scram, this failure 
threshold is at about 400 sec~!, and, for the 
level scram, at about 250 sec™!. These recipro- 
cal periods correspond to step-reactivity tran- 
sients of 2.2 and 1.75 dollars, respectively, and 
are associated with peak powers of about 2 x 10° 
Mw and 1 x 10° Mw, respectively. 
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2. The threshold for core damage occurs at 
a peak power of about 300 Mw, and a “catastro- 
phe threshold,” i.e., incipient fuel dispersion, 
is expected to lie at about 2000 Mw. It must 
therefore be concluded that, although this fast 
safety system can protect the reactor against 
damage from relatively mild excursions that 
would merely damage the reactor, it cannot 
protect the reactor against a catastrophic ex- 
cursion such as would result from a step- 
reactivity insertion of 2.4 dollars or more. 

3, In order to permit full reactivity insertion 
before the transient occurred, the reactor was 
sourceless and consisted of clean fuel. Under 
these conditions extremely long and variable 
waiting times occurred between the end of the 
reactivity insertion and the occurrence of the 
transient. In some cases involving periods of 
the order of 5 msec, time delays of the order 
of 400 to 800 msec occurred. This means that 
in such circumstances even relatively very 
slow reactivity-insertion mechanisms would 
suffice to cause very severe excursions since 
they could continue for very long times before 
the system responds to the supercriticality. 
This result focuses attention anew on the im- 
portance of having sources present in the reac- 
tor at all times, not only to give instrument 
readings but, more important, to bring the self- 
shutdown mechanisms into play before slow 
reactivity-insertion processes have had time to 
introduce large excess reactivities, 

(E. G. Silver) 
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. The Karlsruhe Symposium 
on Criticality Control 


A symposium on Criticality Control in Chemical 
and Metallurgical Plants was sponsored by the 
European Community of Atomic Energy (Eur- 
atom) for the Organization for European Eco- 
nomic Cooperation (OEEC) and was held in 
collaboration with the Kernreaktor Bau- und 
Betriebsgesellschaft mbh (Nuclear Reactor Con- 
struction and Operation Co.). Meetings were 
held May 2—5, 1961, at the Nuclear Reactor 
Station in Karlsruhe, Germany. 

This was the first international meeting de- 
voted entirely to this topic, and its stature was 
far greater than that of any like discussions in 
the United States. Attendance at the symposium 
was limited to approximately 100 persons rep- 
resenting the western European countries, the 
United Kingdom, the United States, and interna- 
tional organizations with nuclear interests. The 
participants were primarily criticality special- 
ists, but engineers having responsibilities for 
safety in operations with fissile materials were 
among those present. 


Twenty-one papers were presented at the sym- 
posium: six from the United Kingdom, five from 
France, one from the International Atomic En- 
ergy Agency (IAEA), and nine from the United 
States. The proceedings of the symposium, in- 
cluding the discussion of each paper, are to be 
published by the OEEC in the fall, and the 
resumes below refer primarily to the written 
papers rather than to the abbreviated versions 
which were presented verbally at the meetings. 
Werner Heisenberg, Director of the Max Planck 
Institute for Physics and Astrophysics and 
Honorary Chairman of the symposium, gave the 
opening address, followed by Leandre Nicolaidis 
of Euratom. 
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Theoretical and Calculational Methods 


A comprehensive introduction to the subject 
of nuclear safety, including both the physics of 
criticality and its application to practical prob- 
lems, was presented by E. R. Woodcock (U. K.— 
Risley). The following paper, by R. T. Ackroyd 
(U. K.—Risley) and E. D. Pendlebury (U. K.— 
Aldermaston), surveyed in relatively detailed 
fashion the theoretical calculation methods em- 
ployed to determine criticality. This review gave 
the mathematical bases for diffusion theory and 
its variational and perturbation techniques and 
for the spherical harmonics, S,, and Monte 
Carlo methods. Detailed applications of these 
techniques were not discussed, but adequate lit- 
erature references to their use were made. The 
expositions of each method were sufficiently 
complete to indicate clearly the characteristics 
of each. Further, the authors commented on the 
conditions under which each calculation can be 
properly applied and made recommendations 
regarding reducing the cost of extensive cal- 
culational programs by the use of relatively 
simple computational techniques taken in con- 
junction with the more advanced methods, The 
paper concluded with a note on cross-section 
data requirements. 

A paper by P. Benoist, R. Caizergnes, Clouet 
d’Orval, and B. Duchemin (France —Saclay) 
furthered the discussion of theoretical methods. 
These authors placed particular stress on data 
requirements, the availability and character- 
istics of various computer programs, and the 
application of these calculational methods to 
specific types of critical systems. 


Experimental Results 


A review of criticality data was presented by 
A. D. Callihan (U.S.—ORNL). Emphasis was 
placed largely on experimental data obtained 
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recently,'~® particularly data from interaction 
tests and experiments for determining critical 
parameters at low U*® isotopic enrichments. 
Of particular interest was an extensive presen- 
tation of data relating critical mass, volume, 
and thickness to moderation and density. Many 
data had been assembled and correlated covering 
a wide range of isotopic compositions, mate- 
rials, and degrees of heterogeneity. In addition, 
the survey included results from experiments on 
v3 and plutonium, as well as from a variety of 
rather specialized experiments involving U2" of 
various geometries and a number of different 
moderators. 


Various correlations between experimental 
and theoretical critical data were presented by 
H. C. Paxton (U. S..—LASL). Among the topics 
discussed were the adjustment of empirical 
data using relatively simple theoretical models 
and the use of computation as a Substitute for 
experiments. Many comparisons of the results 
of experiments with computed results were 
given, and extensive computational studies by 
Mills’ and Roach® were reported. A compre- 
hensive survey of the minimum critical dimen- 
sions of aqueous solutions of U?**, U?53, and 
Pu*, based on S, calculations, was presented. 
Paxton concluded with a discussion of the re- 
liability of the computed results and the selection 
of safety factors when Such data are to be used 
for designing nuclear systems and operating 
procedures. 


A session of the symposium dealt with the 
facilities for experimental criticality research. 
The equipment, methods, organization, andtypes 
of experiments under way were discussed by 
Clouet d’Orval (France—Saclay), by J. G. 
Walford (U. K.—Dounreay) and A. F. Thomas 
(U. K.—Aldermaston), and by A. D. Callihan 
(U. S.— ORNL). 


Criticality Control in Plant Design 


The application of criticality control prin- 
ciples to plant design was discussed by J.N. Hill 
and H. F, Parker (U. K.—Risley), who pre- 
sented the concepts involved in safe-by-shape 
controls and the determination of safe geometric 
parameters from criticality data. Examples of 
process and mechanical design problems which 
May arise in such treatment were considered, 
and practical applications of the safe-by-shape 
approach at the chemical separations plant of 
the Dounreay fast reactor were discussed. 


Concentration control as a means of effecting 
nuclear safety was discussed by J. Gunther 
(France—Dijon). Considerable attention was 
given to the selection of safe concentration limits 
by using suitably conservative cross sections 
for calculation. The relation between the process 
chemistry and criticality problems was dis- 
cussed in connection with equipment such as ex- 
traction columns in which fissionable material 
may appear in more than one chemical phase. 

Mass batch control and its applications were 
described by A. J. Mallett (U. S.—UCNC). The 
safety factors for such mass batches, the 
hazards of batch operation, and the problems 
of sampling analysis and administrative controls 
were discussed. In addition, the use of mass 
batch controls in combination with volume and 
moderation controls was considered, and exam- 
ples were quoted. 

The somewhat controversial question of the 
use of nuclear poisons for nuclear safety con- 
trols in an industrial milieu was discussed in 
two papers. Potential homogeneous and hetero- 
geneous poisoning methods for controlling criti- 
cality were reviewed by J. W. Wachter (U. S.— 
UCNC), who cited various experiments per- 
formed to evaluate poisons for nuclear safety 
purposes. The use of poisons as additional, 
primary, or contingent controls was discussed, 
distinctions among the various types of control 
being drawn according to the degree of reliance 
placed on the presence of the poison. A specific 
example of the use of fixed nuclear poisons was 
provided by R. Caizergues (France—Saclay), 
who described a theoretical study of a vessel 
poisoned by radial fins containing boron or 
cadmium. From these papers it appeared that, 
where the use of poisons has been thoroughly 
established as being mechanically, chemically, 
and nuclearly safe, poisoned equipment can be 
considered equivalent in safety to the corre- 
sponding geometrically safe vessel. To establish 
this safety may require a costly experimental 
or theoretical study, but the potential economic 
savings may be very great. 

Specific applications of the various control 
principles were discussed in papers by J. W. 
Wachter and W. T. Mee (U. S.—UCNC) dealing 
with a typical plant for manufacturing enriched 
UO, fuel elements and by E. D. Clayton(U. S.— 
GE) concerning nuclear safety in the chemical 
and metallurgical processing of plutonium. In 
both papers the flow of fissionable material 
was traced through its various processing steps, 
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and the nuclear safety problems of each step 
were discussed at some length. Although such 
descriptions are highly specific, they serve to 
illustrate that practical nuclear safety remains 
something of an applied art. 

The problems involved in the storage and 
transport of fissionable material were con- 
sidered in the next session. A paper by R. T. 
Ackroyd (U. K.—Risley), F. R. Charlesworth 
(U. K.—Ministry of Power), and A. F. Thomas 
(U. K.—Aldermaston) dealt with methods of 
‘calculation of interacting arrays, with special 
reference to storage problems. The most fre- 
quently used theoretical and empirical ap- 
proaches to the problem were discussed in 
considerable detail. The well-known solid-angle 
method was described, as well as two un- 
published methods: the “density analogue ap- 
proach” of H. C. Paxton and the “interaction 
rules” of D. Kenyon. Greatest emphasis was 
placed, however, onthe unified interaction theory 
developed by Ackroyd et al.® and the interaction 
parameter method of Scriven and Thomas.!° 
The authors concluded that empirical methods 
of solid angle, density, etc., suffice where plant 
operations require relatively open spacing of 
fissile material to enable loading and unloading 
of storage areas. Where tighter spacings are of 
advantage, they could be obtained through the 
greater accuracy of more sophisticated calcula- 
tions. The latter approach should be adopted, 
however, when considering a plant having a wide 
variety of vessels of fissile materials of differ- 
ing moderations. In such a case it is necessary 
to examine in detail the effects of such factors 
as spacing, geometry, and interspersed mod- 
erators, notwithstanding the relatively high 
cost of elaborate computation. 

The problems that arise in considering such 
interacting arrays were brought out in a dis- 
cussion of regulations to be proposed by the 
IAEA to govern the international transport of 
radioactive and fissionable material. The pro- 
posed regulations were prepared by R. F. 
Barker and were presented by C. Erginsoy 
(IAEA). Much of the discussion dealt with the 
proposals themselves, which have since been 
published,'! but the technical bases for the pro- 
posals were also considered in some detail, and 
the safety factors were discussed. 

The organizational structure by which criti- 
cality control is effected was described for their 
several countries by P. LeCorche and R. Caizer- 
gues (France—Saclay), H. Howells and J. T. 


Daniels (U. K.—Risley), and C. L. Schuske 
(U. S.—Dow). These papers dealt with the ad- 
ministrative aspects of such controls and, in 
addition, considered such general methods of 
control as instrumentation, inventory accounta- 
bility, and batch limitations. 


Criticality Accidents 


A review of criticality accidents which was 
presented by W. R. Stratton (U. S.— LASL) 
was based on an earlier review.'® Several acci- 
dents were described and discussed. Tables III-1 
and III-2, taken from this paper, summarize the 
accidents on which the discussion was based, 
Conclusions were drawn regarding the charac- 
teristics of prompt excursions and the quenching 
mechanisms that terminate the reactions. Such 
practical considerations as the use of a neutron 
source to limit the burst intensity were also 
discussed. 


Conclusions 


The discussions that took place following each 
paper were of great interest. It appeared that, 
whereas installations in the United States have 
utilized the experimental approach, greater ef- 
forts have been applied elsewhere to the calcu- 
lation of critical conditions, primarily because 
of limited fissile material. The result has been 
the application of correspondingly greater safety 
factors. Moreover, the relative cost of estab- 
lishing the nuclear safety of a production plant 
in comparison with the over-all initial invest- 
ment appears, at the present time, considerably 
greater in the United Kingdom than inthe United 
States. 


An important benefit of these discussions was 
the direct exchange of specific experimental 
data. The cost of both theoretical and experi- 
mental data acquisition has become so great 
that the opening up of channels of communica- 
tion among the participants will be of continuing 
mutual benefit. 


The proceedings of the symposium, when 
published, will be the most comprehensive treat- 
ment of the theoretical and practical aspects of 
nuclear safety that has yet appeared. As such 
the proceedings will be of great benefit for those 
entering the field of fissionable material proc- 
essing and a valuable reference work for those 
presently engaged in nuclear safety problems. 

(J. W. Wachter) 





of 


od 
So 
si 


re 
tal 


ad 
ea 
re 
alt 


de 
th 
fo: 
Al 
od 


of 
pr 


ter 





CONTROL AND INSTRUMENTATION 39 


Measurement 
of Control-Rod Effectiveness 


The potential nuclear hazard arising in the 
operation of chain-reacting systems can be 
directly related to the amount of excess reac- 
tivity available and the method of its control. 
The worth of a control rodina reactor is there- 
fore a measure of the reactivity capable of being 
suppressed, as well as an indication of the 
margin of safety in the reactor operation. The 
prominence of control-rod effectiveness in the 
evaluation of nuclear safety warrants this pres- 
entation of the current status of methods of its 
measurement. Reactors in which the active core 
is not large are amenable to most of the ex- 
perimental procedures practiced today; how- 
ever, with very large reactor cores, aside from 
calculational techniques, the absolute deter- 
mination of control-rod worth has remained a 
“gray” area. Recent application to this problem 
of the PCTR-k,, measuring technique that is 
available through the use of the Physical Con- 
stants Testing Reactor at Hanford appears tobe 
promising. 


Description of Measurement Techniques 


The rod-oscillation technique is an application 
of pile-oscillator'*»!4 measurements toa reactor 
in which an absorbing rod, being displaced peri- 
Odically, plays the role of an oscillating ab- 
Sorber. In practice, the associated oscillating 
Signal from a suitable detector is recorded. 
The relation between changes in amplitude and 
reactivity increments is experimentally es- 
tablished by associating a change in amplitude 
with a known reactivity change. This method is 
advantageous because the time required for 
each measurement is short (~5 min), and the 
reactor power need not be constant since an 
alternating component of the power is being 
measured rather than the power itself. The small 
deviation from an average power level during 
the course of a measurement obviates the need 
for equilibrium of the delayed-neutron emitters. 
Although comparison of the amplitudes of peri- 
odic signals derived from successive measure- 
ments on several rods yield only relative values 
of their effectiveness, Jankowski et al.'> have 
presented an absolute evaluation by solving the 
Kinetic equations and expressing the results in 
terms of a Fourier series. This absolute evalua- 


tion is applicable only to oscillations of small 
amplitude. 


One of the early standard methods used for 
rod-worth measurements was the rod-drop tech- 
nique. It is simple and direct. The rodis rapidly 
inserted into a reactor operating at a constant 
neutron level, and the decreasing counting rate, 
C, is observed as a function of time. When the 
counting rate is extrapolated back to the time of 
rod insertion, its worth may be expressed as 


(1) 


where the subscripts 1 and 2 denote the counting 
rate, C, before and after insertion, respectively, 
p is the reactivity, and 8 is the delayed-neutron 
fraction. It is assumed that the change in 
reactivity is instantaneous and that the prompt- 
neutron lifetime is short compared with the 
lifetime of the shortest delayed group. Usually, 
the finite time required for insertion causes 
uncertainty in the evaluation of C,. Kolar and 
Kloverstrom’® eliminate this difficulty by using 
the determined stable period, 7, and the inhour 
equation in the form 


1* 6 B; 
p ir ld Lisa? (2) 


where y is the ratio of effectiveness of delayed 
neutrons to prompt neutrons, /* is the prompt- 
neutron lifetime when the system is critical, 
and A; and B; are the decay constant and delayed- 
neutron fraction for each of the six delayed- 
neutron groups, respectively. 

In the rod bump-period technique, with the 
reactor critical and at a constant neutron level, 
the rod to be evaluated is displaced a small 
amount and the associated reactor period is 
determined. The inhour equation then yields the 
associated reactivity, and this in turn is related 
to the rod insertion distance by means of first- 
order perturbation theory, which adequately ’® 
expresses the differential effectiveness relation. 
The major disturbing feature appears to be the 
time consumed, although the problem of estab- 
lishing the constant neutron level between incre- 
ments can be avoided, thus eliminating an elusive 
time variable. For example, Williams et al.,'" 
by means of a relative measurement of two 
control rods in the APPR critical experiments, 
obtained a calibration from successive measure- 
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ments of positive and negative periods resulting 
from alternate compensating displacements, 
The pulsed-neutron technique has been ade- 
quately described by Simmons.'® !® Succinctly, 
a subcritical multiplying system is subjected to 
a burst of neutrons, and the resulting stable 
decay of the neutron population is observed. 
The observation begins after the initial tran- 
sients of the burst have died out and continues 
until the delayed neutrons dominate the total 
neutron population. Over the time of measure- 
. ment, the behavior is exponential. The resulting 
relation between the decay constant and the 


reactivity is 
a=a,(1-£ 
i, a (3) 


where a, = 78//* is the decay constant at de- 
layed critical. 

The source-jerk technique is similar to the 
rod-drop technique, except that the reactor is 
subcritical and the constant neutron level is that 
due to the multiplication of the neutron source 
present. The source is suddenly removed, and 
the procedure outlined in connection with Eq. 1 
is followed. The limitations of this method stem 
directly from source strength and its effect on 
detector response to a weak neutron field. 

The PCTR-k, measurement”®,*! has been ex- 
tended to the evaluation of negative reactivities 
and, thus, is directly applicable to measurements 
of control-rod strengths. Briefly, the PCTR is 
a null reactivity test assembly consisting of three 
concentric regions: a central test cavity sur- 
rounded by a buffer zone which, in turn, is 
surrounded by the reactor composed of enriched- 
uranium rods in graphite. The procedure is to 
first establish the neutron flux or adjoint flux 
spectrum characteristic of the test material 
by means of the buffer region (the material to 
be placed in the cavity may also be used here). 
Then the test material is poisoned (usually 
with copper) until there is no observed change 
in reactivity with or without the test material 
in the cavity. When applied to control-rod 
evaluation, a supercell (made up of unit cells 
of the material under study) is poisoned until 
k,. =1. Then the control rod is inserted and 
the necessary amount of poison is removed 
until no change in reactivity occurs. The rod 
may be of such strength that a negative amount 
of poison is associated with the measurement, 
but the results remain interpretable.” 


Comparisons of Techniques 


As a desirable step in the AEC Control-Rod 
Materials Program, various dynamic techniques 
for measuring control-rod worth were com- 
pared. Ballowe et al.”* report a set of experi- 
ments in which four methods were chosen for 
intercomparison: rod drop, rod bump period, 
rod oscillator, and pulsed neutron. The results 
disclosed that the rod-drop and rod-oscillator 
techniques are dependent on the detector loca- 
tion. The exact location of the detector was not 
given, although it appears to have been near the 
reactor core and was varied along the axis 
parallel to the motion of the rods. The depend- 
ence was explained on the basis of a one-group 
diffusion-theory model which showed the signal 
arising from a local change inthe core to satisfy 
a differential equation differing from that of the 
steady-state flux in that the signal is a function 
of the prompt neutrons alone. Consequently there 
is no reason to expect the ratio of signal to 
steady-state flux to be unity. The rod-bump- 
period and pulsed-neutron techniques do not 
exhibit this dependence, being, in themselves, 
eigenvalue determinations. The observed de- 
pendence is contrary to the earlier work of 
Jankowski et “> who compared the rod-drop, 
rod-oscillator, and source-jerk techniques. The 
reported results were all within experimental 
error, and no dependence on detector location 
was inferred from the independence of the 
constant relating power-oscillation amplitudes 
to reactivities. However, all errors in the rod- 
oscillation data were observed to be inthe same 
direction and therefore suggestive of a sys- 
tematic error. 


The pulsed-neutron technique was compared 
with the rod-drop and rod-bump-period methods 
by Kolar and Kloverstrom"*® of Livermore. They 
confirm the work of others who have examined 
the technique; namely, its usefulness in evaluat- 
ing large negative reactivities, as well as its 
speed and convenience. Important by-products of 
this technique, as illustrated by their work, are 
the quantities p/, and/*/y. When the constants 
are used with the reactor kinetic equations, 4 
calculated curve that is obtained for neutron 
population versus time subsequent to the rod 
drop aids in the evaluation of the data. For the 
rod-drop measurements these authors posi- 
tioned the detector “about 8 ft from the reactor 
in locations where inverse multiplication meas- 
urements had been. found to be independent of 
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counter location.” It is possible that detector 
dependence did not manifest itself in the data, 
since comparison of the data, the calculated 
curve, and the calculated points, which were 
assumed to have varying error magnitudes, 
seems to indicate a reactivity resolution (+3 per 
cent) for the method. 


The major disadvantages of these methods 
remain when they are applied to very large 
reactors. Further, the pulsed-neutron technique, 
which in this application becomes similar tothe 
source-jerk method, suffers from insufficiency 
of neutron source strength. In comparison the 
PCTR-k.. measurements appear to be applicable 
to large reactors. Nichols and Heineman” have 
reported on a set of experiments in which an 
EGCR control rod was evaluated in the PCTR 
with the use of a supercell containing only 16 
fuel elements anda centrally located control rod. 
An attractive feature of the technique was thus 
forcefully demonstrated, when it is considered 
that only ~1 per cent of the core was repre- 
sented. (J. T. Thomas) 


In-Core Flux Monitoring 


The spatial distribution of the neutron flux in 
a reactor core is a valuable parameter for the 
evaluation of fuel-element and reactor-control- 
system performance. Information regarding fuel 
enrichment and distribution for large core de- 
Signs can often be determined in research reac- 
tors and critical assemblies. Flux plots are 
needed for power reactors in order to optimize 
the fuel loading and burnup cycle through flux 
flattening by control-rod correction, which may 
also yield more uniform channel heating. Devices 
for ascertaining the flux distribution ina reactor 
core are known as in-core flux monitors. A 
number of different monitors currently inuse or 
under development have been discussed in recent 
literature. 

A standard flux-monitoring practice in re- 
search reactors is to insert activation foils or 
Wires into the reactor core and then remove 
them for counting. The use of threshold detectors 
and associated counting techniques in the de- 
termination of thermal- and fast-neutron-flux 
densities and energy spectra has been discussed 
tutorially by Price.?* More recently, animproved 
technique for the measurement of fast neutrons 
by foil activation was reported by Ricabarra 
et al.,"° who used phosphorus instead of sulfur 





as the activated material. The flux required for 
the same activity is reduced by a factor of 70 
when phosphorus is used. 

Mechanical arrangements”’ for the insertion 
of activation wires are in standard use at 
Savannah River, Hanford, and Shippingport. At 
Yankee,”? thimbles are provided for remotely 
operated devices for traversing activation 
wires.2’ An example of an automatic, high- 
resolution counter for activated ribbon has been 
described by Mulot.”* A resolution as low as 0.5 
mm is achieved by the use of interchangeable 
collimators. For most applications, that resolu- 
tion would seem to be more than adequate. 
Researchers at Savannah River have experi- 
mented with neutron- and gamma-sensitive 
“thermometers,” which are devices that utilize 
a thermocouple to measure the heat that is 
generated in a metallic target by the interaction 
of gamma rays or neutrons.”’ However, the time 
response of these devices is too long for the 
required monitoring application, their dynamic 
range is limited, and, in the case of the neutron 
thermometer, life is limited by burnup. For 
these reasons Savannah River prefers gamma 
ion chambers. 

An article by Schilling?® describes a suc- 
cessful device consisting of a copper-constantan 
thermocouple welded into a platinum pill filled 
with a pulverized mixture of 55 per cent alu- 
minum and 45 per cent uranium of 20 per cent 
enrichment. The thermocouple junction, in se- 
ries with a reference junction, is enclosed in a 
tiny tube at the end of a long probe handle 
through which the signal leads are drawn. The 
probe is calibrated against foils, and the ther- 
mal electromotive force is read with a galva- 
nometer. This device has shown only 1 per cent 
drift in sensitivity after 300 Mw-hr of operation 
in the FRM reactor (Munich reactor) at a flux 
of approximately 1 x 10'* neutrons/(cm?)(sec). 

At Savannah River and at Dresden, work has 
been carried out on the use of gamma ion 
chambers.”’ The gamma chamber yields a 
signal that the authors state is essentially pro- 
portional to local power density. Flux tilts are 
determined by variations in the chamber signals 
at various points in the core. Savannah River 
reactors are employing, on a developmental 
basis, assemblies which contain three chambers 
and which are placed in thimbles in the reactor 
core. The results have been quite satisfactory. 
At Dresden the control system employs a matrix 
of 64 chambers at fixed positions in four planes 
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throughout the core. It is intended that the reac- 
tor control rods be programmed from these 
readings and that the safety system be operated 
from these in-core chambers. In November 1960 
these chambers, which also check out the opera- 
tion of the control rods, detected the breakage 
of a control rod.** It appears that this system 
is effective for flux gradient control and rod 
checking. A commercial manufacturer is mar- 
keting a chamber of this type and developing 
improved high-temperature cables for use with 
. at: 

These recent advances in the state of the art 
of in-core flux monitoring indicate only that 
standard techniques have been improved, while 
relatively little in the way of new equipment has 
been developed. It has been reported”’ that AEC- 
sponsored work is in progress on microwave 
attenuation from ionization and heat-transfer 
null-balance detectors using neutron heating, and 
it is hoped that some breakthroughs will be re- 
ported in the near future. (J. L. Kaufman) 


Nonnuclear In-Core 
Instrumentation 


A meeting sponsored by the AEC Division of 
Reactor Development was held in Washington 
on Apr. 28—29, 1960, to discuss in-core instru- 
mentation for power reactors. The objectives 
of the meeting were (1) to review the present 
status of the current development programs for 
in-core instrumentation; (2) todiscuss the major 
problems in this area; (3) to review present 
and future requirements for in-core instrumen- 
tation, particularly in power reactors; and (4) to 
provide a free exchange of information and ideas 
that might lead to improvements in reactor core 
performance and reactor safety through im- 
provement of in-core instrumentation.”’ The 
proceedings of the meeting contain numerous 
references to reports that provide much addi- 
tional detailed information on the various sub- 
jects. The meetings consisted of informal ques- 
tion and answer sessions, and the report of the 
meetings presents a recording of those dis- 
cussions. No formal papers were presented. 


This review describes the state of the art for 
nonnuclear instrumentation as it was discussed 
in the meeting. Devices for measuring flow, 
liquid level, differential pressure, andtempera- 
ture are described, in that order. 


Flow 


Pitot tubes have been used in-core to measure 
gas flow in fuel channels of gas-cooled reactors 
and water flow in boiling-water reactors. Before 
being installed in the reactor core, the tubes 
are calibrated out-of-pile in an identical con- 
figuration to assure accuracy. Stauschiebe tubes, 
which are small cylinders placed perpendicular 
to the direction of flow, with pressure taps facing 
upstream and downstream, are also used for 
measurements of water flow rates; these tubes 
must be calibrated. 

Turbine flowmeters can be used to measure 
the velocity of water in the inlet and in the out- 
let of a fuel channel with an accuracy of 1 per 
cent. By knowing the difference in the inlet and 
outlet water velocities, the steam void at the 
outlet of the fuel channel can be calculated. 
Prior to in-pile use, pairs of turbine flowmeters 
are calibrated with water and with water-air 
mixtures in an out-of-pile electrically heated 
loop. The steam voids calculated for void frac- 
tions ranging from 0.24 to 0.71 are within +10 
per cent of the values determined by the gamma- 
attenuation technique. 

Turbine flowmeters have worked well ina flux 
of 10'2 neutrons/(cm?)(sec). One application was 
described in which, after exposure to an inte- 
grated flux of 4x 10'® neutrons/cm? at 975°F 
while measuring the flow rate of CO,, there was 
no evidence of damage to the flowmeter. The 
flow rates of molten salts and liquid metals 
have been measured with experimental turbine 
flowmeters for periods of more than 1000 hr at 
1500° F. 

Venturi tubes are commonly used to measure 
flow in fuel channels. AS many as 42 in-core 
Venturi meters have been manifolded out-of-pile 
to one differential-pressure transmitter. 


Liquid Level 


Resistance type level-measuring elements 
have been used for measurements of fluids with 
high electrical conductivity. Such elements have 
operated satisfactorily for periods of up to 20,000 
hr at 1300 to 1500°F while immersed in sodium 
and NaK. The accuracy of measurement over 4 
7-in. span of NaK and of sodium has been re- 
ported*! to be 1 per cent. 

Acoustic level-measuring jones are avail- 
able for use at temperatures up to 950°F. The 
effect of irradiation on these devices has not 
been investigated. 
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Differential Pressure 


Differential-pressure transmitters located 
outside the reactor vessel of a boiling-water 
reactor and connected to a number of pressure 
taps inside the vessel have been used to measure 
the carryover of steam, vapor holdup, down- 
comer velocities, and average steam voids in 
risers. The individual pressure tap tubes are 
contained in a duct. A small stream of cooling 
water flows over the pressure tap tubes within 
the duct to keep the liquid in the tubes from 
flashing. A large flow of cooling water cannot be 
used because it would cause undesirable axial 
temperature gradients in the duct. 


Temperature 


Chromel-Alumel thermocouples in stainless- 
steel sheaths are the thermocouples most often 
used as sensing elements to measure in-core 
temperatures in all types of reactors. The 
thermocouple insulation is usually magnesium 
oxide, although aluminum oxide insulation is 
often used in pressurized- and boiling-water 
reactors because aluminum oxide will not de- 
structively swell if water gets into the sheath. 
The sheathed thermocouple assemblies used 
most often are '/,, in. in outside diameter, al- 
though assemblies as small as 0.040 in. in 
outside diameter have been used. 


The guide tube, which is an extension of the 
reactor pressure vessel and through which 
thermocouples can be inserted into the core, 
is a significant development in core temperature 
measuring. Such tubes permit the replacement of 
thermocouples at any time during the life of 
the core. A '/,,-in.-OD sheathed thermocouple 
can be inserted in a guide tube that is 25 ft long 
and has many turns. 


The reliability of 50 sheathed Chromel-Alumel 
thermocouples during a period of a year of opera- 
tion in a pressurized-water reactor core has 
been studied. The variations of the 50 individual 
thermocouples gave temperature values that 
were within 1°F of the average (95 per cent 
confidence limit) and within 2.5°F ofanexternal 
reference temperature. The irradiation dose 
to these thermocouples was more than 
10’ neutrons/em?, Experience with sheathed 
Chromel-Alumel thermocouples in liquid metal 
at 1500°F has also shown that they are reliable 
and that they hold their calibration when ex- 
posed to an irradiation dose of 107! neutrons/cm’. 


If the leads from a small-diameter sheathed 
thermocouple, about 0.050 in. in outside diam- 
eter, pass through a zone having a temperature 
of 2500°F or more and the junction is ina 
cooler zone, the electromotive force from the 
thermocouple will be proportional to the hot- 
zone temperature. The high temperature causes 
the insulation resistance to become low enough 
to form another junction which is in parallel 
with the true junction. 

To obtain an accurate measurement of the 
temperature of a fuel-element surface, the 
sensing element must be calibrated out-of-pile 
using the same materials.and configuration as 
used in-core. Several techniques have been 
used to measure surface temperature in flowing 
gas. One technique is to flatten a 0.030-in.-OD 
sheathed thermocouple to 0.020 in., fasten it to 
the surface of the fuel element, and put a ramp 
upstream to give smooth flow and avoid error- 
causing turbulence. Another technique is to place 
the junction end of the sheath downstream, with 
the thermocouple wires extended from the sheath 
and spot welded to the surface of the fuel ele- 
ment. With this technique, a surface tempera- 
ture of 1300 + 50°F has been measured. How- 
ever, in an organic coolant, the surface 
temperature of a fuel element has been meas- 
ured to within 25°F in the 400—700°F range, 
based on out-of-pile calibration using 0.010-in.- 
OD thermocouple wires fastened to the surface. 

The central temperatures of fuel plates for 
pressurized- and boiling-water reactors have 
been measured by the so-called “blocked- 
channel” technique. A special zirconium plate 
that has the thickness of two standard plates 
plus one water channel is fabricated into the 
fuel element. The water-channel space in this 
special plate is filled with a nonfissionable ma- 
terial in which the thermocouples are embedded. 
As many as 100 thermocouples have been spaced 
along a 4-ft plate. If stainless steel were used 
in place of zirconium, the resulting flux de- 
pression would give atemperature measurement 
error as great as 12 per cent. 

There is a need for techniques and materials 
that will make it possible to measure fuel tem- 
peratures up to 4500°F in uranium oxide, ura- 
nium carbide, and other possible fuel materials. 
At the present time, central temperatures up to 
3800°F in UO, pellets have been measured for 
a week or so and up to six weeks in the tem- 
perature range of 2500 to 3200°F. In these 
measurements the thermocouple was tungsten 








44 NUCLEAR SAFETY 


versus rhenium insulated with beryllium oxide 
and contained in a swagedtantalum sheath. When 
the junction where the sheath and thermocouple 
wires were fused together was grounded, the 
couple often failed because of differential ther- 
mal expansion, whereas thermocouples with 
ungrounded junctions failed less often. The 
thermocouple wires entered the capsule through 
a hermetic electric seal sothat the fission gases 
would be contained. Generally, the tantalum 
sheath showed deterioration after six weeks at 
‘temperature and exposure to fission gases. Over 
the six-week test period, the thermocouples 
indicated that the central UO, temperatures were 
decreasing. This may have been caused by 
changes in the pellets or in the thermocouples 
or both. : 

A pneumatic system for the measurement of 
gas temperatures was discussed. The system 
consists of two sonic nozzles in series through 
which a stream of gas flows. The first nozzle is 
located where it is desired to measure the 
temperature; the second is at some convenient 
location and is connected to the first nozzle by 
a tube. The pressures upstream of each nozzle 
and the temperature upstream of the second 
nozzle are measured. The desired temperature 
is calculated from the relation 


P. 2 
T,=K(—1 
: «(@) t 


where K is the general constant of the system. 
This temperature-measuring system was dis- 
cussed in detail in an earlier issue of Nuclear 
Safety > 

There are numerous special problems and 
techniques associated with the determination of 
in-pile temperatures. Sometimes it is neces- 
sary to use odd combinations of thermocouple 
wires to match the thermal expansion of wires, 
sheath, and fuel plates. Further, platinum versus 
platinum-rhodium thermocouples have shown 
errors because of transmutation and, in high- 
temperature applications, because of the mi- 
gration of rhodium. In another situation, re- 
sistance thermometers of platinum will be 
used in some pressurized-water reactors to 
measure fuel-channel outlet temperatures and 
the difference in temperature between the inlet 
and outlet of a channel. 

A number of high-speed scanning systems will 
be used to monitor in-core temperatures in the 
near future. Plans are to use 18-channel re- 


cording oscillographs, a 100-channel oscillo- 
scope with a mercury-jet switch which can scan 
100 thermocouple stations, and an analog-to- 
digital conversion unit with magnetic-tape re- 
cording. Experience with current models of jet 
switches has shown that they must be cleaned 
after being in service three months because of 
contamination by the mercury. (H. J. Metz) 
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Section 
IV 





‘Deposition of Radioactive 
Materials from Gases 


The designer of a nuclear reactor must be able 
to predict reliably the location and form of the 
entire inventory of radioactive fission products 
associated with the reactor system if he is to 
fulfill his obligation to control the hazards 
produced by these materials. One of the most 
important processes affecting the location of 
fission products is transport by gases. 


Radioactive fission products may be intro- 
duced into a gas system either by accident or 
by design. For example, if a major reactor 
accident occurs and the fission products are 
dispersed in the reactor containment vessel, 
many of the fission products will remain sus- 
pended as gases or aerosols in the air inside 
the vessel. On the other hand, fission gases 
are circulated in the normal operation of a gas- 
cooled reactor that uses unclad fuel elements. 
Some of the fission products are released 
continuously into the coolant-gas stream and 
are carried throughout the coolant system. In 
both these circumstances the fate of the fission 
products is of paramount importance. In each 
case there are locations where deposition is 
beneficial and other locations where deposition 
is harmful. 


Accumulations of fission products by deposi- 
tion must be avoided in components that may 
require maintenance or replacement or in 
parts of the reactor system to which access is 
necessary to control the consequences of a 
reactor accident. However, deposition of fission 
products from gases in some places can sub- 
stantially reduce the amounts of fission products 
delivered to other more sensitive locations and 
can also reduce the total amount of fission- 
product activity which may be carried to the 
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outside atmosphere in the event of an accident, 
Prediction and control of the deposition of 
radioactive fission products from gases require 
a knowledge of the factors that influence deposi- 
tion. 


Theoretical Considerations 


Although there are many factors that may 
affect the deposition of radioactive materials, 
they can be divided into three general categories: 
(1) the concentration of the material and con- 
ditions in its history which affect its physical 
and chemical form, (2) conditions near the site 
of deposition that influence the transport of the 
material through the gas to the surface, and (3) 
conditions that influence the retention of the 
material when it arrives at the surface. 


Radioactive material in a gas may be in 
gaseous form or in the form of a solidor 
liquid aerosol. If in aerosol form, the behavior 
of the material in the gas is affected grossly 
by the particle size of the aerosol. Particles 
of sizes ranging from slightly larger than 
molecular dimensions up to several tens of 
microns in diameter are common in gases, 
Which of these forms will be taken by the 
fission-product materials depends on the history 
of the material. Fission products may be dis- 
persed in the gases by evaporation at high 
temperatures or by mechanical action, Evapora- 
tion at high temperatures followed by rapid 
condensation at low concentrations is conducive 
to the formation of small-particle-size aerosols 
that are relatively stable under most conditions. 
These conditions are common in reactors, and 
it is to be expected that aerosols will be 
formed, 


Particulate matter composed of ordinary 
nonradioactive materials can play an important 
role in a gas system containing fission products. 
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Gaseous materials, including radioactive fission 
products, will tend to approach adsorption 
equilibrium with the surface of the particulate 
matter suspended in the gas. In some cases a 
fission-product material that would be expected 
to be gaseous under one set of conditions can be 
adsorbed completely on particles if the concen- 
tration of the gaseous species is low and the 
duration of exposure of the particles to the gas 
is long. In such a case the gaseous fission- 
product material will behave as if it were in 
particulate form. 

There are several processes by which mate- 
rial in a gas is transported to the surfaces 
where deposition can occur, Turbulent mixing 
continuously presents gas and its burden to the 
surface. The conditions favoring this process 
are high velocity and large channel diameter. 
Gravitational settling is enhanced by large 
particle mass, long residence time, and small 
vertical channel dimensions. Diffusion proc- 
esses are enhanced by small particle size, 
long residence time, and small channel dimen- 
sions, Molecular dispersions diffuse faster than 
particulate dispersions. Thermal diffusion is 
enhanced where high thermal gradients exist 
in a gas and by large particle diameter and 
small channel dimensions, Centrifugal separa- 
tion is enhanced by large particle mass and 
high gas velocity with a change in direction of 
flow. Under some conditions electrostatic fields 
may influence deposition. An extensive theo- 
retical treatment of the processes affecting the 
form of materials and their transport through 
gases is available in the literature,! 

The retention of radioactive products after 
they have reached the surface may be by 
several kinds of forces. Massive particles can 
be held in place by the force of gravity. 
Electrical attraction can sometimes hold the 
particles in place. Van der Waals forces are 
effective for smaller particles, and, in the 
extreme case of a molecular dispersion, these 
forces manifest themselves as physical adsorp- 
tion. Certain chemical forms of fission products 
Can react chemically with surfaces of many 
kinds to form a chemical compound that is 
retained with great efficiency. The various 
processes by which fission products are de- 
posited on surfaces have been exploited in the 
design of filters and adsorbers. This subject 
Was reviewed previously.” The subject of the 
present review is deposition in other parts of 
4 reactor system. 


Experimental Investigations 


The behavior of radioactive materials in 
gases has interested experimenters since 
shortly after the discovery of radioactivity. In 
1900 Rutherford’ discovered that there was 
“emanation” from certain naturally radioactive 
materials. His investigation of this radioactive 
gas, now known as radon, and of the radioactive 
daughters deposited from it, led to the recogni- 
tion of the decay relations between various 
radioisotopes. It was observed that the daughters 
of the emanations were in the form of ex- 
tremely small particles that remained suspended 
in the diluent gas, P 


Most of the recent experimental work on the 
deposition of radioactive materials from gases 
has been concerned with radioiodine. This is 
because of the volatility of iodine and its very 
low biological tolerance. Several experimenters 
have observed that iodine vapor exhibits varying 
properties, depending on the conditions under 
which it is studied.‘~’ Itis very readily adsorbed 
on a wide variety of surfaces in varying degrees, 
Chamberlain® showed, by experiments with a 
small wind tunnel, that deposition ofa “carrier- 
free” radioactive iodine vapor was controlled 
by diffusion across the laminar layer of gas 
flowing over a surface and was analogous to 
heat transfer by forced convecticn, Flat sur- 
faces of copper and of filter paper acted as 
“perfect sinks” for iodine vapor in trace con- 
centrations. Any surface imperfection that inter- 
fered with the laminar flow caused increased 
deposition of iodine vapor on the surfaces 
immediately downstream of the imperfection, 

Once iodine is deposited, the desorption from 
the surface becomes important. Chamberlain 
and his coworkers‘ report that the rate of 
desorption of trace quantities of iodine at 
room temperature is generally slow but that 
it may be more rapid in the presence of stable 
iodine, which can exchange with the adsorbed 
radioactive layer. The desorption is not ap- 
preciable from copper or charcoal surfaces, 
even in atmospheres containing I'*’ at a con- 
centration of 3 g/m*, There was appreciable 
desorption from aluminum, polythene, and 
painted surfaces in clean air, andthe desorption 
was greatly increased by the presence of I'*', 

Probably the most important factor concern- 
ing deposition of iodine vapor onto surfaces is 
the presence or absence of other substances in 
the gas stream. Experiments by Chamberlain 
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and Whiffen’ indicate that, in the presence of 
condensation nuclei, the behavior of radioiodine 
depends on the amount of iodine carrier present 
and the concentration of condensation nuclei. 
Their experimental system consisted of a large 
aluminum box (6 m*) into which iodine vapor 
and condensation nuclei could be introduced. 
The condensation nuclei were produced by 
heating a Nichrome wire white hot, by combus- 
tion of gas in a Bunsen burner, or by passing an 
arc between lead electrodes. Samples of the gas 
mixture were drawn from the aluminum box 
through a sampling system consisting of a 
filter-paper-lined tube, a high-efficiency filter, 
and an activated-charcoal trap. By observing 
the distribution of I'*! activity between the 
components of the sampling system, some in- 
sight into the behavior of iodine vapor was 
obtained. The experimenters concluded that 
(1) 13! can behave as iodine vapor, even in the 
presence of large concentrations of nuclei 
(20,000/cem*), provided that sufficient carrier 
iodine is present to give an air concentration 
of 10 yg/m*, (2) in the absence of carrier 
iodine, the behavior of trace concentrations of 
I'3! (~0.1 yg/m) deviates trom that of iodine 
vapor and the more nuclei present the greater 
the deviation, (3) in the presence of lead fumes 
(10-20 mg/m*) with particle sizes 0.1 to 
1.0 », most of the iodine radioactivity is asso- 
ciated with the lead particles, and (4) the effect 
of condensation nuclei on the diffusivity and 
adsorption of carrier-free radioiodine may have 
important implications when methods of remov- 
ing the activity from gas streams are con- 
sidered, 

Chamberlain and his coworkers’® are also 
responsible for information concerning the effect 
of condensation nuclei on the behavior of the 
decay products of thoron and radon. These decay 
products (isotopes of polonium, bismuth, and 
lead) adsorb rapidly on condensation nuclei, The 
effect of attachment is to reduce markedly the 
diffusivity of the radioactive nuclide compared 
with its diffusivity in the atomic or molecular 
state, Thus the rate at which the radioactivity 
will diffuse across a boundary layer to a 
surface is greatly reduced once it is fixed to 
a condensation nucleus. Retention of radon and 
thoron decay products in the human respiratory 
system is greater when they are generated in 
air free of nuclei and inhaled in the atomic 
state than it is when they are allowed to become 
attached to nuclei prior to inhalation, 


9 


Brewer’? has discussed the possible or prob- 
able fate of various fission products that may be 
present in the coolant gas of a gas-cooled 
reactor. In the event of a slight fission-product 
leak from a fuel element, the presence of 
krypton, xenon, cesium, rubidium, barium, 
strontium, samarium, europium, bromine, io- 
dine, antimony, cadmium, tin, indium, and 
silver should be considered, Upon cooling of 
the gas stream as it leaves the reactor, the 
condensation of a mixture of metals, oxides, and 
carbides would be expected, along with CsI and 
CsBr. The surfaces of carbon dust and the cool 
surfaces of the heat exchangers will probably 
remove the remaining nuclides, with the excep- 
tion of krypton, xenon, cesium, rubidium, iodine, 
bromine, and antimony. These nuclides may act 
as permanent gases to a considerable extent. 


Information on the deposition of mixed fission- 
product radioactivity is provided by Connetal."! 
Fission products were produced for study by 
uranium fission and were allowed to escape into 
the cooling-air stream by direct recoil. Their 
deposition was then examined in the ducting of 
the experimental system. The particular iso- 
topes and corresponding decay chains studied 
were I'*!, Ba?) Ru’ sr® and Te!®*, The test 
system allowed the air to pass over the fission- 
product-generating source only once. It was 
then routed through stainless-steel ducts, 
through a large charcoal trap, and into the reac- 
tor off-gas system. The percentage of iodine, 
barium, and strontium plate-out differed in the 
three tests, as well as the amounts of fission 
products released. According to the data pres- 
ented, the fraction of activity deposited in the 
ducting depended only on the amount of the 
activity released from the fuel. No dependence 
of deposition on air flow was noted. The per- 
centage of barium and strontium deposition 
increased as the amount released increased, 
whereas the percentage of iodine deposition de- 
creased, The air supply was not characterized, 
and no information concerning the presence or 
absence of condensation nuclei is available. 


Conclusions 


Deposition of radioactivity from the gas phase 
as it occurs in gas systems associated with 
reactors is complex, and probably each such 
system will behave differently, depending onthe 
concentration and identity of the various iso- 
topes released from the nuclear fuel; the 
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presence or absence of other matter, such as 
dust, condensation nuclei, and water vapor; the 
temperature of the system; and the construction 
materials used in the gas system. Deposition of 
radioactivity from the gas phase is becoming 
increasingly important in nuclear technology, 
but, as yet, insufficient experimental evidence 
exists to permit reliable predictions of the 
behavior under conditions existing in nuclear 
reactors, 

(R. E. Adams and W., E. Browning, Jr.) 


Effects of Blasts 
on Containment Vessels 


A containment vessel for a nuclear reactor 
must be a safeguard against the effects of a 
maximum credible accident. The maximum 
credible accident has been defined for each of 
the 13 nuclear reactors built prior to 1959 and 
is discussed in a report prepared by Van 
Kessel.!? This report provides an excellent ac- 
cumulation of the literature (through the latter 
part of 1958) on reactor safety in general and 
on the containment vessels for nuclear plants 
which were in existence or in the planning stage 
at that time. It lists over 500 references 
divided into 24 categories; a few of the refer- 
ences are listed in more than one category, 


A maximum credible accident is frequently 
some kind of explosive reaction, and hence the 
designs of some containment shells must be 
based on the response of the structure to 
dynamic, as well as static, pressure loading. 
In view of the very limited knowledge and 
understanding of the cause (the explosion) and 
the effect (the response), initial studies and 
investigations had to be made for each specific 
plant, A series of general studies of this be- 
havior, not associated with any specific reactor 
design, has been made only during recent years, 
Some of these studies were reviewed previ- 
ously,""-'5 and some recent results are dis- 
cussed here, 


Experimental Blast Effects 


In some reactors the maximum credible ac- 
cident can be caused by a sudden loss of 
coolant which, in turn, may cause a rapid 
pressure buildup in the container. The pressure 
buildup in a vapor container during loss of 
coolant was studied experimentally by the Mine 


Safety Appliances Research Corporation,"* The 
tests involved venting, through an orifice, water 
that was at a temperature of 500°F and under a 
pressure of 2000 psig from a 512-gal pres- 
surizer into a 10,000-gal tank, Seven runs were 
made using four orifice sizes and two water-to- 
air volume-expansion ratios. The datafrom this 
limited number of tests are presented in the 
report, and, as the authors of the report 
recognize, are insufficient to draw any basic 
conclusions that are sufficiently definite for 
future design purposes, 

Experimental measurements of the air-blast 
effects caused by the bursting of simulated core 
vessels with differing rates of energy release 
have been reported by the Ballistic Research 
Laboratories (BRL).'”:'® Inthese tests stainless- 
steel cylindrical pressure vessels were used to 
simulate the reactor cores. The test vessels 
were burst by employing one of three methods 
of internal energy release; (1) suddenly re- 
leasing a gas under high static pressure, (2) 
igniting a confined propellant, and (3) detonating 
an explosive. The vessels were supported 5 ft 
aboveground, and measurements ofthe resulting 
air-blast loading were recorded for various 
distances from the vessel, In the first series of 
tests, the vessels were filled with air. The 
experimental set of data for this series of 
tests is presented in the first report,’ From 
this set of data it was concluded that the blast 
loading was relatively independent of the rate 
of energy release within the vessel, It was 
established that the test data from the energy 
source surrounded by the pressure vessel could 
be reasonably well predicted by assuming that 
the source was equivalent to a certain weight 
of bare explosive charge, i.e., an explosive 
which was not discharged in a vessel. The 
second report’® presents the results of addi- 
tional tests that were similar except that the 
pressure vessels were filled with water instead 
of air. The pressure-time histories from these 
tests varied from those of the bare-explosive 
tests to the extent that it was not possible to 
establish an “equivalent weight” of bare explo- 
sive, as was done for the previous set of results, 

Somewhat similar comparison tests by the 
Stanford Research Institute (SRI) are discussed 
in two reports'*:?° which were reviewed previ- 
ously.!® Simple, scaled reactor models were 
used in which scaled energy sources (simulating 
possible nuclear excursions) were released. In 
this study, energy sources employing high ex- 








50 NUCLEAR SAFETY 


plosives alone and high explosive—pyrotechnic 
mixtures were developed to simulate reactor 
excursions with periods in the 1- to 5-msec 
range. In most cases the tests’? were run in 
pairs with the same or similar energy sources 
but with varying amounts (75 and 100 per cent) 
of water in the pressure vessel. 

The findings and conclusions from the SRI 
tests appear to contradict the findings and con- 
clusions from the similar tests made at BRL."® 
The similarity in the two sets of tests is in the 
comparison of the results from the bursting of 
containers that are first filled with air and then 
with water. The findings and conclusions from 
the series of tests at BRL on water-filled 
vessels are given in the following quotations 
from the report.'® 


Even though the pressure-time history does vary 
from those generated by bare explosives, the pres- 
sures and impulses measured were never larger 
than those of the air-filled vessels. The vessel frag- 
ments as seen from the fragmentation firings had 
a very low velocity and little penetrating power. 
Therefore, it may be concluded that the data for 
air-filled core vessels, which are applicable to the 
equivalent weight concept, yield an upper bound of 
pressure and impulse measurements for its water- 
filled counterpart and can be used as a method of 
simulation of nuclear reactor runaway to establish 
an upper bound for blast loading on containment 
structures from failure of water-filled core ves- 
sels. 


On the other hand, the findings and conclusions 
from the SRI tests were the following:'® 


In the models tested with vessels filled full of 
water, the velocity of the plug rise was considera- 
bly greater in every case than in similar tests 
where the vessels were only */ full. However, in 
models % full of water, damage to the lower portion 
of the cylinder was very extensive and the upper 
portions broke into relatively large chunks. Con- 
crete fragmentation in the models 100 percent full 
of water was extensive but more generalized over 
the whole concrete face. It is evident that the air 
void in a partly full vessel tends to prevent energy 
transfer to the concrete surrounding it. 


It is considered by Davenport and Huber”! 
and by Minor” that the tests were not suf- 
ficiently similar to justify a direct comparison 
of the experimental findings, Davenport and 
Huber”! claim that the adding of the water in 
the BRL vessels (the vessels contained only air 
in the initial tests) lowered the gas tempera- 


ture sufficiently to lower the air shock wave 
after it expanded to about 200 times its initial 
volume. This effect of lowering the gas tem- 
perature was not so predominant in the SRI 
tests!® because the vessels were always filled 
at least 75 per cent with water. They further 
point out that the time of the explosive event 
in the two sets of tests was considerably dif- 
ferent; in the BRL tests the entire event was 
completed in approximately 10 msec, whereas 
in the SRI tests the event was completed in 
approximately 200 msec. Minor points out” 
that the effects of the BRL tests'® were meas- 
ured at a considerable distance from the burst- 
ing vessel. Furthermore, it must be recognized 
that the containers in the BRL tests were of 
stainless steel (a ductile material), whereas 
the containers in the SRI tests were of concrete 
(a brittle material), Also, the technique that was 
used for measuring the blast effect was dif- 
ferent for each set of comparison tests; piezo- 
electric air-blast gauges were used by BRL, 
whereas SRI observed the extensiveness of the 
shattering of the concrete, 


On the basis of the experimental data pre- 
sented in each of these reports, it appears that 
the design criteria for the containment vessel 
are a function of the material and the type of 
construction, Hence caution must be exercised 
in extrapolating either of the two sets of con- 
clusions to any great degree. 


Theoretical Treatments of Blast Phenomena 


The development of theoretical methods for 
the study of pressure in explosivelike waves 
has a long history. Prior to World War II, the 
development was slow and limited; the need was 
not great, and the equations that described such 
phenomena were too complicated to be dealt 
with directly. The advent of high-speed com- 
puters has opened many possibilities for ob- 
taining approximate solutions of specific prob- 
lems. The general solution of the complex 
partial-differential equations that apply to most 
cases is still unknown; however, considerable 
material in the literature during recent years 
provides methods for obtaining the approximate 
solutions of specific problems. The basic equa- 
tions and a method for solving problems of 
pressure waves in ducts have been published 
by Rudinger.”? In this text it is assumed that all 
flow variables are uniformly distributed over 
the cross section of the duct, and hence time 
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and one space coordinate are the only independent 
variables, The solution of a problem of this 
type is obtained by graphical and numerical 
approximations. Complete wave diagrams for 
the solution of a number of problems are 
presented in the text." Because of the com- 
plexity of the basic equations, most of the work 
deals only with systems that require just one 
space coordinate. The numerical solutions of 
spherical blast waves have been published by 
Brode.”4 


Another major difficulty inherent in the solu- 
tion of the basic blast-wave equations is the 
discontinuity at the shock front. To overcome 
this difficulty, Brode** assumed an equation for 
the viscosity; he gives credit to previous 
authors for the method employed. 


The response of structureal materials to blast 
waves is another complicated aspect of the 
entire problem. The basic theories and prob- 
lems involved in this study are presented by 
Rice et al.?> A detailed discussion of the prob- 
lems in experimentation with strong shock 
waves and the various forms of the equation of 
state which have been assumed are also given 
in the article.” 


Reports on theoretical and experimental 
studies of blast waves and the compressibility 
of materials have been presented by the Armour 
Research Foundation.” The first report” is 
on a technique for studying the behavior of 
porous material (such as wood) subjected to 
compressive impact loads, The second report?’ 
is a theoretical study of the growth of a point- 
source explosion (spherical blast waves) in an 
infinite solid or liquid medium. An expression 
relating pressure and specific volume (equation 
of state) of the material is assumed. This 
equation contains three constants that must be 
determined from experimental tests on the 
material (compressibility data). The basic equa- 
tions were solved numerically, anda parametric 
Study of the influence of these constants was 
made, The results are presented inthe report.”’ 
The results are for highly idealized physical 
Situations, but they do provide information on 
the relative effectiveness of the materials as 
shock absorbers. The third report?® describes 
the experimental shock-tube testing of three 
materials: Celotex, redwood, and sugar pine. 
Points on the pressure— specific volume curve 
are obtained from the experimental data for 
each material and are given in the report.”® 





A method of analytically determining pres- 
sures, radii, and velocities in all regions of an 
exploding reactor is presented by Levedahl and 
Howerton.”® Their solution is obtained by nu- 
merical integration of differential equations 
relating rate of energy input, pressure, volume, 
acceleration, and velocity of several concentric 
shells representing the core, reflector, pressure 
vessel, shield water, and shield tank, Complex 
reactors are transformed into equivalent 
spheres for analysis, and then the results are 
transformed back to the true configuration, In 
this report”? it is claimed that the velocities 
of missiles resulting from the metal-water 
reaction are only fractionally higher than the 
velocities from an explosion resulting from 
fatigue failure at ordinary pressures. 


Conclusions 


The present studies of blast waves and the 
response of materials thereto are, for the 
most part, highly specialized and idealized, 
The additions to the literature during recent 
years have contributed much to the knowledge 
and understanding of these phenomena; however, 
much more work (both experimental and theo- 
retical) must be done before the present igno- 
rance factor in the design of containment 
vessels for nuclear reactors is reduced to any 
great degree. (F. J. Stanek) 


Beryllium Hazards 
in Nuclear Operations 


Beryllium and its compounds are the most 
toxic of the nonradioactive components of nu- 
clear reactor systems. These materials require 
special handling during operations that precede 
reactor startup if harmful effects to personnel 
are to be prevented, After beryllium and other 
chemical poisons become radioactive by ex- 
posure to neutrons ina reactor, the chemical- 
poison aspects of matérials-handling hazards 
become of secondary importance and can be 
adequately dealt with by procedures for handling 
radioactive materials, as pointed out previously 
by Grimes.*® Developments in beryllium con- 
tainment and monitoring methods are discussed 
here. The toxic effects of beryllium have been 
thoroughly discussed by previous reviewers*’”* 
and are too well known to require further em- 
phasis. A bibliography® of articles on beryl- 
lium toxicology is available. 
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Beryllium Monitoring 


One of the limits of air pollution recommended 
by the AEC is worthy of comment. It is stated 
that “no personnel should be exposed to a con- 
centration greater than 25 pgms./m* for any 
period of time, however short.” 33 It seems safe 
to say that no installation handling beryllium is 
in a position to guarantee that it is meeting 
this requirement, which should be modified to 
eliminate ambiguity. The American Industrial 
.Hygiene Association*‘ has adopted a more mean- 
ingful upper limit for transient conditions of 
25 yg/m* for less than 30 min. Monitoring for 
airborne beryllium is usually performed by 
drawing a measured volume of air through a 
filter paper, determining the total amount of 
beryllium collected, and calculating the con- 
centration per cubic meter of air by assuming 
a uniform rate of collection over the sampling 
period. If, for example, 50 yg ofberyllium were 
collected from 100 m® of air, the calculated 
average concentration of 0.5 yg/m? would be 
well below the acceptable upper limit of 
2 g/m for the average concentration during an 
8-hr working day. If, however, all the beryllium 
had actually been collected from 1 m’, the 
concentration would have been 50 pg/m® and 
thus would have exceeded the AEC limit of 25 
yg/m*, 

Several investigators have reported efforts 
to develop instruments that would continuously 
monitor air for the detection of beryllium. These 
instruments would give a quick indication of the 
presence of an unsafe concentration of beryl- 
lium in air and would, by shortening the sampling 
time, come nearer meeting the “however short” 
time requirement than the usual routine monitor- 
ing methods. The first instrument of this type, 
reported® in 1952, had several drawbacks, in- 
cluding the requirement of a great deal of 
skilled maintenance, sensitivity to particle size 
and chemical form of the beryllium, and lack of 
means for checking the calibration of the instru- 
ment. Other investigators® later developed a 
similar continuous spectrographic air monitor 
that seems to have overcome most, if not all, 
of the troubles inherent in the earlier instru- 
ment, An improved version of this instrument, 
reported recently,*’ is designed to be suf- 
ficiently portable so that it is easy to bring the 
sample intake close to potential sources of 
airborne beryllium, Air is drawn through a 
triggered intermittent arc, and the intensity of 


the 3130 A beryllium doublet is monitored, to- 
gether with the adjacent background, and the 
ratio of those intensities is recorded on a 
ratio recorder. Provision is made for frequent 
calibration by means of an aerosol of known 
concentration produced by means of an auxiliary 
spark between beryllium-copper electrodes, 
The accuracy and sensitivity of the instrument 
are said not to be materially affected by the 
chemical form of the beryllium or the particle 
size. The instrument is fully automatic and 
rapid in operation. Its limit of detection is 
1 ug/m? for the normal 20-sec sampling period, 
and one result is produced each minute. The 
electrodes last about 8 hr; thus they would 
only need to be changed once each shift for 
continuous operation. This type of instrument 
is now being offered for sale by a British 
instrument manufacturer.**® Other commercial 
continuous beryllium monitors are also available 
from another British producer*’ andan American 
manufacturer.*’ The reliability of each of these 
commercial monitors in continuous operation 
apparently remains to be established. 


The spectrographic determination of the be- 
ryllium collected on Millipore filters in routine 
air monitoring has been discussed by Brash," 
His method, which employs an aluminum internal 
standard and a photographic measuring system, 
is said to be sensitive to 0.05 yg of beryllium 
per cubic meter of air with a coefficient of 
variation of less than 11 per cent in the 0.5- 
to 2.0-ug range. The spectrographic method ap- 
pears to be widely employed for this type of de- 
termination, and it is susceptible to automation” 
when the number of samples justifies the 
expense. A fluoresence method reported’ to be 
in use at Los Alamos Scientific Laboratory is 
said to be usable in the 0.05- to 300-g range. 
Limits for surface contamination have not been 
established. The fraction of such contamination 
which may become airborne is more important 
than that which may become ingested, and this 
fraction is a function of particle size and density, 
surface condition, and air velocity past the 
surface. A method for measuring this fraction 
under controlled conditions was described in 4 
recent report.“4 


Control of Beryllium Hazards 


Containment techniques employed at various 
installations where beryllium work is in prog- 
ress have been discussed by several authors. 
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Equipment and methods used with beryllium in 
some locations under the most hazardous con- 
ditions involving manipulations with dry, finely 
divided beryllium or beryllium compounds are 
almost identical to those used to assure the 
safety of personnel working with plutonium. 
This is perhaps not surprising because a num- 
ber of installations have been involved in han- 
dling both materials, with the development of 
plutonium-handling methods preceding, in gen- 
eral, beryllium-handling developments. 

Mitchell and Hyatt‘? have described types of 
enclosures employed at Los Alamos for various 
machining operations with beryllium, together 
with their monitoring techniques, air-cleaning 
system, and housekeeping measures. A review 
of five years of operating experience is given 
from the health-physics standpoint. 

Lindeken and Meadors have discussed‘ the 
philosophy governing the control of beryllium 
hazards at the Livermore site. They state that 
dry machining and grinding operations, beryl- 
lium welding, and processing of BeO in the 
powder form should be performed in total 
enclosures. They also say that considerably 
more care is required for partial enclosures 
where the area of the opening is adjustable 
than for total enclosures, Their observations 
indicate that operators tend to leave too large 
an area Open during hazardous operations, with 
a resulting low face velocity that endangers 
both the operator and his coworkers. Respira- 
‘ors are worn only in special cases of work not 
conforming to usual enclosure standards or 
in cases of accidental failure of an enclosure. 
They recommend use of smooth floor cover- 
ings, such as linoleum, to facilitate cleaning. 

Breslin and Harris discuss” in some detail 
items that they term engineering tools required 
to control atmospheric contamination. These 
are (1) the selection of process components 
that will release the smallest possible quanti- 
ties of contamination, (2) application of local 
exhaust ventilation at all points of potential 
Contamination release, (3) careful operating 
procedures, (4) thorough housekeeping, and (5) 
provision of suitable personal protective meas- 
ures. A recent book*’ on beryllium contains a 
chapter on Health Hazards and Their Control. 
Mention is made of exceptions to the usual con- 
trol limits as follows: 

If the average in-plant concentration over three 


months is >2 but <5 yg/m%, or if a single short- 
term sample is >25 but < 100 ug/m', work can con- 





tinue if operators wear approved respiratory equip- 
ment but corrective measures must begin at once. 
If the three-monthly in-plant concentration exceeds 
5 ug/m? or if the single sample exceeds 100 ug/m, 
work must cease until corrective action is com- 
pleted. 


A brief but fairly thorough coverage of principles 
involved in assuring the safety of personnel 
handling beryllium is given, 

Two recent reports describing laboratory 
facilities for experimentation with beryllium are 
available. Thys‘® describes a small enclosure 
containing a vacuum glove box for beryllium 
welding and a glove hood for chemical opera- 
tions with beryllium compounds, This enclosure 
is maintained under a negative pressure, and 
both inlet and outlet air filters are provided, as 
well as filters for the exhaust air from the 
glove box and hoods. A clothes-change area 
equipped with a shower is provided within the 
enclosure. This facility provides an excellent 
example of a method for providing secondary 
containment of hazardous materials and appears 
to meet the most stringent requirements for a 
plutonium-handling facility, except for the fact 
that the gloves are apparently removed from the 
vacuum glove box when it is evacuated. Most 
vacuum glove boxes are designed to permit 
evacuation with the gloves in place, which is 
highly desirable when the box contains hazardous 
material. 

Aitken‘ describes measures employed to con- 
vert an existing laboratory room into a beryl- 
lium laboratory. The exhaust capacity of the 
existing hood was increased by installing a 
larger fan motor, and both roughing and abso- 
lute air filters are provided for the exhaust 
air. A glove box is attached to the hood through 
an entrance port so that operations involving 
the transfer of powdered BeO, weighing, and 
sintering can be performed in the glove box 
while other operations of less hazardous nature 
are carried out in the hood, which has a face 
velocity of 150 ft/min with the hood opening at 
the working level. Flexible exhaust hoses are 
provided in the vicinity of sintering furnaces to 
pick up fumes or dust, and a Lucite canopy 
equipped with gloves is employed to keep 
splatter or dust from a metallographic polish- 
ing wheel from becoming airborne. 


Conclusions 


There appears to be a reasonable probability 
that one or more of the commercially available 
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instruments for continuous monitoring of air- 
borne beryllium will solve the problem of 
determining the extent of air pollution over short 
time periods. It seems unlikely that these 
expensive instruments will replace the present 
air-monitoring methods, which are undoubtedly 
adequate for most situations, Extensive ex- 
perience in a number of installations indicates 
that reasonable air-pollution limits can be met 
by application of well-established control 
methods. Although total enclosure of certain 
‘types of hazardous operations with beryllium 
is certainly desirable, and perhaps essential, 
partial enclosures used with adequate precau- 
tions have served satisfactorily for less dan- 
gerous work, (C. J. Barton) 
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Chemical and Radiation 
Induced Genetic Exposures 


By PETER ALEXANDER* (with Editor's 
Introduction) 


At the request of the Joint Committee on Atomic 
Energy,' a series of advanced technological 
seminars is being conducted by Oak Ridge Na- 
tional Laboratory (ORNL). The purpose of this 
program is to study the future role of the na- 
tional laboratories. 

One of the most recent seminars was pre- 
sented by Dr. Peter Alexander during the 
course of his visit to the Laboratory. Dr. 
Alexander is a member of the staff of the 
Chester Beatty Research Institute of England 
and is interested in the problem of mutation- 
producing chemicals. His lecture, entitled 
“Chemical Contamination of the Biosphere,’’ 
dealt mainly with such chemicals. 

The subject of mutagenesis is not new to 
persons engaged in the atomic industry. Much 
attention has been given and continues to be 
given to the problem in an attempt to determine 
the mechanism of the mutagenic response as 
well as the magnitude of radiation dose, dose 
rate, and radiation energy required to induce 
such a response. 





*Dr. Peter Alexander was graduated in Chemistry 
at Imperial College of Science, London, in 1941. After 
work ona variety of wartime problems, he joined a 
textile firm as Research Manager. Studies on cross- 
linking agents in the textile field brought him into 
contact with cancer research because these same 
agents had radiomimetic properties and were used 
in the treatment of cancer. In 1950, he joined the In- 
stitute of Cancer Research and is now in charge of 
the Radiobiology Department at the Chester. Beatty 
Research Institute. 
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During a series of hearings before a special 
Congressional subcommittee on radiation,’ Dr, 
Hermann J. Muller, Professor of Zoology, 
University of Indiana, was called to speak on 
the subject of radiation-produced mutations, 
Dr. Muller, winner of the Nobel Prize in 
physiology and medicine in 1946 as a result of 
his work on the production of mutations by ra- 
diation, stated that evidence has in recent years 
been accumulating for the broad conclusion that 
the great majority, if not all, of the damaging 
effects on life and health evoked by ionizing ra- 
diation are results of permanent changes pro- 
duced in the genetic material: the chromosomes 
or their contained genes. 


Nitrogen analogs of dichlorodiethylsulfide, 
known as nitrogen mustards, were made during 
World War II for possible use as chemical war- 
fare agents. Because many of the physiologic 
actions of the nitrogen mustards resemble those 
of ionizing radiations, they are called radio- 
mimetic poisons. Research has shown that 
mutagenesis is one of the actions shared by 
radiation and this group of chemicals. 


The question immediately raised by such 
findings is: Are there other chemicals, more 
common and frequently encountered in our en- 
vironment, which are capable of eliciting radio- 
mimetic actions? Dr. Alexander feels that the 
answer is in the affirmative, although it is not 
known whether the magnitude of the radio- 
mimetic action from chemicals in the environ- 
ment represents a real health hazard. His case 
is presented below, as abstracted from a paper 
originally published in The New Scientist. 

(C. E. Breckinridge) 


Mutation-Producing Chemicals 


For more than 30 years, the recommenda- 
tions for safeguards against radiation hazards 
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have taken account of the fact that small doses 
or continuous exposure to low-intensity radia- 
tion can be harmful without giving rise to any 
injuries that can be detected at the time. The 
injuries, in fact, may not become detectable 
during the lifetime of a person receiving the 
dose but may be transmitted genetically to 
succeeding generations. In Britain, the Medi- 
cal Research Council; in the United States, the 
National Academy of Sciences; and, interna- 
tionally, the United Nations have set up com- 
mittees of independent scientists to assess the 
possible genetic dangers to the general popula- 
tion from exposure to low levels of radiation, 
whether from fallout, medical radiography, or 
any other cause. 

Radiation, however, is not the only source of 
genetic damage. It is now known that genetic 
effects of exactly the same type can be produced 
by a large number of chemical substances. 
Attention has been drawn to this fact by the 
National Academy of Sciences in a recently 
published report on the biological effects of 
radiation. The Academy points out that further 
information is needed about the genetic effects 
of “abnormally high temperatures, ultraviolet 
light, various chemicals, etc.”’ 

During the last 15 years, several hundred 
chemical agents have been shown to be muta- 
genic, and it is certain that there are many 
more still to be identified. Nowhere has a 
systematic search been made, and the addition 
of new substances to the list is haphazard. 
Usually a new compound is not tested for muta- 
genicity unless the investigation of its mode of 
action requires such a test. Moreover, the 
number of laboratories all over the world 
Specifically engaged in the study of chemical 
mutagenesis is small; they are far fewer than 
those working on genetic effects of radiation. 
Almost no work has been done on the genetic 
effects of chemicals in mammals, and proof of 
mutagenicity is obtained from experiments with 
microorganisms, seeds, and insects. Nothing 
comparable to the huge mouse “factory’’ of the 
AEC at Oak Ridge, in which a hundred thousand 
animals are used for just one experiment on 
radiation mutagenesis, is available for the test- 
ing of chemicals. 

No clear pattern can be discerned from among 
the chemicals that are known to be mutagenic. 
The most potent are the highly chemically 
reactive substances that have the ability to 
Combine, by a process known as alkylation, 





with important cell constituents such as pro- 
teins and nucleic acids. Substances that have 
the ability of alkylate under physiological con- 
ditions are the epoxides, which have been shown 
to be highly mutagenic. Epoxides may be formed 
when foods are irradiated with atomic radiation 
in order to sterilize them, and this, as well as 
the presence of peroxides, raises the question 
whether such foods are really safe to eat, 
although they pass the general food tests for 
toxic properties. As yet this problem has not 
arisen because the radiation doses needed to 
produce complete sterility are so high that they 
alter the taste of food. 

Besides the alkylating agents, many other 
mutagens are known, but in their case there is 
no known chemical activity to which their 
mutagenic action can be ascribed. There are 
many ways by which genes can be altered, and 
this probably accounts for the diversity of 
mutagenic agents. Among the mutagens studied 
in most detail are formaldehyde and some per- 
oxides, although the evidence that hydrogen 
peroxide behaves in this way is not strong. 
Peroxides that may be dangerous are produced 
when fats are heated, and it is possible that they 
are present in the frying pan. Among substances 
that have been shown to produce mutations are 
some antibiotics, some hormones, and com- 
ponents of certain weed killers and contra- 
ceptives. Usually these are tested with onetype 
of organism only, and it is not clear whether 
all these substances are universal mutagens as 
are the alkylating agents. 

At the present time it is impossible to cal- 
culate whether chemical mutagens introduced 
by man into his environment constitute a genetic 
danger, i.e., whether they lead to a significant 
increase over the normal mutation rate in- 
herent in cellular reproduction. Most authori- 
ties agree that exposure of large populations to 
atomic radiation must not be such as to double 
the normal mutation rate, since this would be 
reflected in a serious increase in certain dis- 
eases in later generations. Thanks largely to 
the pioneer efforts of the mouse geneticists at 
Oak Ridge in the United States, the order of the 
radiation dose that would double the mutation 
rate is known. No such information is available 
for chemicals. Not only do we not know all the 
chemicals in our environment which produce 
mutations, but we cannot calculate the dose that 
is received by the germ cells as a result, say, 
of inhaling formaldehyde or eating peroxide. It 
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is obvious that safety measures can never be 
as rigorously defined as with radiation, but the 
difficulties do not justify the complete disregard 
with which the subject has so far been treated. 

In industry the situation is particularly un- 
satisfactory, since the maximum tolerated levels 
of volatile substances that may be present in 
the air of workrooms and factories is deter- 
mined largely by the amount that produces 
immediate discomfort or obvious symptoms 
within a relatively short time. The so-called 

““tolerable levels’’ that are published in America 

and used as a guide here for some substances 
that are already known to be mutagens (such as 
ethylene oxide, ethylenimine) would produce in 
the fruitfly a detectable incidence of genetic 
damage. Exposure to levels of radiation of 
comparable mutagenicity would be considered 
completely unacceptable. 

It may be that all the possible embryonic and 
genetic hazards can, on investigation, be dis- 
counted one by one. Let us hope so, but instead 
of merely hoping, let us find out. At the present 
time these long-term problems are rarely if 
ever considered by toxicologists and others 
responsible for industrial hygiene. This dis- 
proportionate preoccupation with immediate ef- 
fects is in striking contrast with the approach 
of their opposite numbers in the field of radia- 
tion protection. 


Dependence of Mutation Rate 
on Radiation Intensity 


A series of papers by Russell and his co- 
workers‘~’ presented evidence that the radia- 
tion induction of mutations is dependent on 
radiation intensity (dose rate), and their later 
data® strongly support the earlier results that 
showed a lower mutation frequency with chronic 
gamma irradiation than with acute X rays. 
Their later findings are summarized in the 
following quotation:® 


The possibility, rather remote to begin with, that 
the results could be explained in terms of radiation 
quality (X-rays versus gamma rays) rather than 
radiation intensity now seems tobe ruled outby ad- 
ditional data obtained from experiments comparing 
mutation rates induced by acute gamma irradiation 
with those induced by chronic gamma irradiation. 
These additional data were obtained with the genetic 
criterion (specific locus mutations) and cell stage 
(spermatogonia) most cogent for the comparison. 


The view that the difference in mutation rates is 
due to an effect of radiation intensity on the muta- 
tion process rather than on cell selection wag 
originally supported primarily by the results ob- 
tained with oocytes. The additional data obtained 
with spermatogonia now also provide some evidence 
on this point: (1) Where a probable effect of cell 
selection on mutation rate was found, it worked in 
the direction opposite to that required to account 
for the above difference in mutation rates. (2) The 
mutation rates at 86 r and 300 r, for chronic gamma 
irradiation of spermatogonia, are not higher thana 
linear interpolation between the control points and 
points at higher doses. Thus, there is no evidence 
of a distortion of mutation rates by cell selection, 


Russell et al.® reexamined the possibility 
that cell seiection might account for the in- 
tensity effect in oocytes. Even when the com- 
parison between the results from chronic and 
acute irradiation was restricted to follicle 
stages in which oocyte killing was infrequent, 
they found that an intensity effect on mutation 
rate was observed. In reexamining the possi- 
bility that the difference in mutation rates ob- 
tained with chronic and acute irradiation of 
oocytes could be due to differences in oocyte 
stage, they found that, even when the compari- 
son was restricted to oocyte stages that were 
closely similar, an intensity effect on mutation 
rate was found. 

They concluded® that (1) the effect of radia- 
tion intensity appeared to be greater in oocytes 
than in spermatogonia and suggested various 
possible explanations and that (2) with acute X 
irradiation the mutation rate was higher in 
oocytes than in spermatogonia. 


Irradiation of Spermatogonia 


Irradiated and control male mice were mated 
to females homozygous for seven autosomal 
recessive visibles. The offspring were then ex- 
amined for mutations at the seven loci. Details 
of the experimental procedure have been re- 
ported.” The new data for chronic irradiation 
are presented in Table V-1. Data on chronic 
and acute irradiation are compared in Fig. V-l, 
in which the solid points represent results ob- 
tained with acute X rays at 80 to 90 r/min, and 
the open points show chronic gamma-ray ré- 
sults (triangles and square, 90 r/week; circle, 
10 r/week). The squares represent mutation 
rates in females; all other points are mutation 
rates in males. The point at zero dose is the 
sum for all male controls. Except for one o 
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te: Table V-l_ MUTATIONS AT SPECIFIC LOCI INDUCED the 1000-r acute dose points, it is clear from 
mi IN SPERMATOGONIA OF MICE BY CHRONIC GAMMA Fig. V-1 that higher mutation rates are indi- 
vas (Cs'8") -RRADIATION ‘ ; 
ob: cated from acute doses than from chronic doses. 
ned Mean no, of The authors tested their hypothesis that a 
ans Dose No. of mutations per 1000-r acute dose was killing more of the 
sell fF Dose, ges neg ot + an = Nee sensitive cells than was 600 r andthat the lower 
Jin a ae eee) mutation-rate data point at 1000 r was char- 
unt 0 0 166,147 10 0.86 acteristic of the more resistant cells (which 
The 86 10 56,993 6 1.50 were also assumed to have a lower mutation 
we we sod sine 5 2.54 rate than the less resistant cells), The upper 
ina 516 90 26,321 5 2.72 laced ‘ 

ol 861 90 24,281 12 7.06 point at 1000 r represents a first dose of 600 r, 
wee which was followed more than 15 weeks later 
n. by a second dose of 400 r. The authors point 
out the probability that cell selection interfered 
lity 32 with the intensity comparison in the case of 
wo 
in- QoQ - the single 1000-r dose, instead of accounting 
m- 2 26b for a difference between chronic and acute 
and - + results, and that the higher divided-dose point 
icle ih. is a more valid point for comparison. 
ent, a It is also pointed out that the chronic doses 
‘ion Saat. of 300 and 86 r to spermatogonia do not show 
\Si- S 4 evidence of important effects of cell selection 
ob- a ack. on mutation frequencies. Thus Fig. V-1 indi- 
of é cates that cell selection is probably not im- 
yte . " portant in this respect at chronic doses of 
: 12 i re P 
ri- S 861 r or less. A similar conclusion had already 
ere ae a been reached in tests of oocytes. °»’ 
tion Tr J Tests of the relative effects of gamma- and 
§ eae g X-ray irradiation were continued from previous 
lia- en we work® and indicated that no great difference in 
o 
tes 3 At mutation rates was caused by the difference in 
ous 05-100 300 S00 7000 quality of irradiation. In any case, any effect 
eX Dose, r of quality was much less than the effect of 
in intensity. 
Fig. V-1 Mutation rates of specific lociin the mouse 
with 90 per cent confidence levels). Solid points Irradiation of Oocytes 
represent acute X rays (80 to 90 r/min). Open points ? . 
represent chronic gamma rays (A and 0 = 90 r/week; The results obtained on irradiation of oocytes 
ated O=10 r/week). Squares represent females. All are presented in Table V-2 and in Fig. V-1. 
mal other points represent males. (See text for distinction These data include somé obtained in 1959 in 
ex- between the two 1000-r points.) experiments’ in which mutations were measured 
ails 
re- 
tion Table V-2 MUTATIONS AT SPECIFIC LOCI INDUCED IN MOUSE OOCYTES 
onic 
Jol Mean no. of 
: Dose No. of mutations per 
ob- Dose, intensity, No, of mutations at . locus per 
and Radiation r r/min offspring seven loci gamete (x 105) 
re- 
cle None* 0 0 5,845 0 0 
ae X* 400 96 1,729 os 178 
tion Xx 400 92 11,124 15 ; 
tion None 0 0 47,612 0 0 
. the Gamma (Cs‘*") 258 0.0085 27,174 2 1.05 
e of 


* Experimental work done in 1950 to 1951. 
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in the offspring of females exposed to acute X 
irradiation. The mutation rate found was almost 
11 times that for chronic irradiation, the latest 
data for which are also included. 

The total plot of the data indicates even more 
strongly than before that the dose-rate effect 
on oocytes is on the mutation process itself. 
Two proposed alternative factors that were re- 
jected as causes of the intensity effect were: 
(1) cell selection and (2) difference in oocyte 
stage in the chronic and acute radiation ex- 
‘periments. 

Cell selection was discarded as an explana- 
tion because, finally, there is a significantly 
higher mutation rate for acute irradiation even 
when the chronic irradiation data are restricted 
to the stages almost certainly free of extensive 
oocyte killing. (It had been found that the per- 
centage of oocytes killed in certain stages of 
development was somewhat higher than had 
been previously noted.'°) 

The acute irradiation experiments had been 
carried out only on dictyate oocytes irradiated 
in relatively mature follicles, whereas the 
chronic irradiations involved follicles in a 
variety of stages of development. The oocytes 
in early-stage follicles are the more sensitive 
to radiation killing.’*!! Therefore an analysis 
was made in which the only litters considered 
were those conceived within two weeks follow- 
ing the accumulation of the dose.’ Combining 
the results with those of Carter,’ it was found 
that the mutation rate for chronic irradiation 
was still significantly lower than for acute ir- 
radiation of females; this indicates that the 
difference between acute and chronic irradia- 
tion is not due to oocyte stage of development. 
It was noted that this comparison is more 
rigorous than that in the previous paragraph, 
where the absence of oocyte killing was the 
sole criterion for comparability. Additional ex- 
periments are being conducted at intermediate 
intensities, offering better comparisons for 
closely comparable cell stages. 


Comparison Between Results 
in Spermatogonia and Oocytes 


The authors discuss possible reasons for the 
apparently greater effect of radiation intensity 
on oocytes than on spermatogonia and suggest 
that further tests be made to clarify some of 
the questions raised. The reasons mentioned 
included (1) somewhat different irradiation 


“repair’’ mechanisms, (2) lack of cell selection 
in oocytes in contrast to the cell selection in 
spermatogonia which acts to obscure the full 
effect of radiation intensity, and (3) the exist- 
ence in acutely irradiated oocytes of a class of 
mutations not found either in spermatogonia or 
with chronic irradiation of oocytes. 

(W. L. Russell) 


River Surveys 
for Nuclear Power Plants 


The wise selection of a site for a nuclear 
power plant (ora fuel-fabricating or -processing 
facility) and the judicious operation of the plant 
or facility after it is built require a study of the 
possible immediate and long-term effects of 
radioactive materials on the environment. This 
is particularly true if any radioactive wastes 
are to be deliberately released, but the ever- 
present possibility of accidental loss of control 
of such materials is reason enough for a care- 
ful investigation. 


River surveys form an important part of 
almost all attempts to characterize the en- 
vironment of a power plant or industrial facility. 
Whether radioactive materials will reach the 
river accidentally or through deliberate dis- 
charge, the investigator must answer the same 
primary questions: (1) How rapidly will the 
radioactive materials be moved to points down- 
stream? (2) In what concentrations will the 
several radioactive contaminants arrive at these 
points? (3) How long and in what concentrations 
will they persist? In addition, prudent planning 
for waste disposal or for emergency measures 
in case of an accident requires an evaluation of 
the possible long-term hazards that might re- 
sult from assimilation and possible reconcen- 
tration of the radioactive materials by the total 
environment, both physical and biological. This 
long-term hazard is largely a problem in 
ecology and is not considered in this review. 


Types of River Data Required 


Data concerning (1) the volume and velocity 
of the streamflow, (2) the volume and rate of 
movement of sediment transported by the 
stream, both in suspension and as bottom load, 
(3) the chemical quality of the water, (4) the 
radioactive-materials content of the water, both 
natural and from fallout, (5) the temperature of 
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the water, (6) its microbiotic content, and (7) 
the degree of turbulence, dispersion, and mix- 
ing which result from the flow of the river are 
all required to answer the primary questions. 
Because all these quantities or properties are 
in some degree directly or indirectly depeiid2nt 
on the rate of flow of the stream, all must be 
studied in terms of rate of streamflow and be 
related, if possible, to variations in this rate. 
For almost all streams the studies of varia- 
tions of stream flow with time and, more par- 
ticularly, the potential distribution of maximum 
and minimum flows, present complex problems. 

The economic and social importance of rivers 
has been the subject of many long and penetrat- 
ing studies, and a variety of valuable methods 
have been developed for the solution of the 
complex water problems evolved by personnel 
of the U. S. Geological Survey and by many 
others. It is essential that records and data of 
flow, chemical concentrations, and sediment 
loads be available which cover a considerable 
period of time. Reconnaissance surveys must 
include at least one annual cycle. Comprehen- 
sive studies of the distribution and variability 
of the quantities and qualities of water require, 
however, a minimum of five years of records 
and, for many streams, reliable predictions of 
flow, chemical composition, and sediment con- 
centrations require a base line of many decades. 
Sustained periods of low rainfall and low stream- 
flow can limit, importantly, the volume of water 
available to dilute radioactive contaminants at 
atime when the need for dilution may be im- 
perative. However, a single great flood could 
move and redistribute river-bottom and river- 
bank sediment quite beyond the capabilities of 
any ““normal’’ flood; the sediments thus re- 
distributed would contain concentrated radio- 
active contaminants. 

At Los Alamos, N. Mex., Hanford, Wash., the 
National Reactor Testing Station (NRTS) in 
Idaho, and at the small test-reactor site at 
Dawsonville, Ga., relatively little hydrologic 
information, at least of the type and reliability 
required, such as levels of the ground-water 
table, rates and direction of ground waters, 
Sorption capacity of aquifers, time of water 
travel in the streams, and deposition character- 
istics of the streams, was available prior tothe 
initiation of environmental studies. There had 
been little prior need for these types of hydro- 
logic information at Los Alamos and Dawson- 
ville. The Columbia River, which flows through 


the Hanford site, had been studied but not in the 
detail required. In general, rivers such as the 
Columbia, which drain areas of low rainfall, 
are subject to larger variations in flow every 
year, from year to year, and from decade to 
decade than rivers in more humid areas, and 
reliable data covering long periods are there- 
fore needed for evaluation of potential hazards. 


For the site studies at the Brookhaven Na- 
tional Laboratory on Long Island, some long- 
term records were available. Water resources 
of the eastern half of Long Island were studied 
in some detail in the first decade ofthis century 
as a possible source of water for New York 
City.'* The records of flow on some of the 
streams for use in this study were collected in 
1903. Continuous records of flow have been 
collected since 1942 on these streams. How- 
ever, the gap in the records between the earlier 
and the more recent work cannot now be filled. 


Special Data Required 
for Radiological Studies 


The environmental studies considered here, 
like studies of flood control, navigation, water 
Supply, and power development, although re- 
quiring in each case certain special data, must 
all be based firmly on a broad understanding of 
the river system in question. The general and 
specialized information required for radiologi- 
cal studies has been discussed by Tsivoglou 
et al.'4 in a paper that is quite useful to those 
working in the fields of public health and water- 
pollution control. They describe the organiza- 
tion, planning, and conduct of stream surveys; 
the basic equipment required for a modest 
radiological investigation; and the compara- 
tively extensive requirements of the work that 
would be required to support a comprehensive 
study. Some details are given concerning the 
selection of sampling points, frequency of 
sampling, determination of background radio- 
activity, and sampling equipment. Equal em- 
phasis is placed on determinations of the levels 
of radioactivity in the water, the biota, and the 
bottom sediments. 


Types of Hydrologic Stations 


Even under rather widely differing circum- 
stances, there will be a need for a network of 
three distinct types of hydrologic stations: the 
primary station, the secondary station, and the 
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partial-record station. Criteria for establish- 
ing stream-gauging stations, and the details of 
their operation, have been described by Grover 
and Harrington!® and by Corbett et al.‘ 


The purpose of a primary Station is to pro- 
vide a long-period record of streamflow, chemi- 
cal composition, and sediment loads which is 
as continuous and complete as is feasible, be- 
cause only from this long-period record is it 
possible to statistically describe the variations 
.in quantity and quality of water, both within 
their normal limits of variation and at times of 
unusually high or low flow. The periodof record 
required is indefinite, but in many cases a 
record for a full century would be of material 
value if it were available. Some long-period, 
but less than full century, records are available 
at a limited number of stations on some of our 
rivers, largely as a result of the work of the 
U. S. Geological Survey. These data, which are 
neither as complete nor as accurate as desir- 
able, are published in the annual series of Water 
Supply Papers. 


For many environmental studies, however, 
there will be no primary-station data available. 
In general, there will be a station or stations 
somewhere near the area to be studied, and the 
records, although falling far short of what 
might be desired, can provide an invaluable 
foundation for more detailed local work. It will 
be a rare and fortunate circumstance when 
there are detailed long-term data available for 
a critical point or points within the actual area 
of interest. 


The secondary stations provide a basis for 
correlations between the primary stations and 
the principal points of interest in the region 
being surveyed. In almost every case the sec- 
ondary stations will be established for the 
specific environmental survey. Because their 
value will depend on the length of time their 
records overlap the records of a primary sta- 
tion, establishment of secondary stations should 
have high priority. The many problems and 
uncertainties of the required correlations can 
be materially reduced if the secondary stations 
are established at points within areas that 
resemble, in geology, in physiography, in vege- 
tation, in climate, and in culture, as far as 
possible, the locations of the primary stations 
with which they are to be compared. Ingeneral, 
a continuous record is kept at a secondary 
station only until a correlation with the records 


at a primary station has been worked out. 
Usually this will require from 5 to 10 years. 

At the third type of station, the partial-record 
station, only a few measurements are made and 
only a few samples collected. Where possible, 
the data are collected at times of maximum or 
minimum conditions rather than at fixed inter- 
vals of time, and an attempt is made to relate 
these extremes to the conditions at one of the 
primary or secondary stations. 


Types of Correlation Required 


The general types of data required, as listed 
above, include streamflow and stream velocity, 
the chemical quality and radioactivity of the 
water, and the nature and quantities of sedi- 
ment transported. Commonly, there is a rela- 
tion between streamflow and the chemical 
quality and sediment loads of the stream. If 
these relations can be established and the 
variability and distribution of flow can be de- 
fined, the total load transported by the stream 
can be determined from flow measurements 
alone. The variations of stream flow should 
also be studied to determine the percentage of 
time any given flow rate will be equaled or 
exceeded, the duration of flow rates, the rate 
of variation of discharge with time, the mag- 
nitude and frequency of floods and of low flows, 
and the volume of storage required to reduce 
flood crests or to maintain certain minimum 
flow rates. 

Methods for computing and expressing these 
relations and for correlating the records of the 
several types of hydrographic stations have 
been described by Searcy!”18 and by Dalrym- 
ple.!? Not only can such correlations be used 
to predict the volume of water that will nor- 
mally be available for diluting radioactive con- 
taminants, but also they will make possible 
estimates of the cost of dams and other struc- 
tures required to regulate both high and low 
flows in the stream by storing flood waters and 
later releasing them. Estimates may also be 
made of the potential frequency of unusual 
floods that might damage nuclear power plants 
or structures of other facilities of the nuclear 
industry. 


Sediment Surveys 


A large portion of the radionuclides in radio- 
active wastes and in the activity that would be 
released by a reactor accident are cationic and 
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are Strongly adsorbed by the clay and silt par- 
ticles that form the greater part of the suspended 
sediment and bed load of most rivers. Indeed, 
the movement and retention of radioactive con- 
taminants in a river system will largely be 
governed by the transport of the finer grained 
sediments to which will be attached most of the 
fission products. Sorathesn et al.2° have de- 
scribed some of the factors that affect or con- 
trol this sorption process. These factors in- 
clude the chemical character of the radioactive 
material; the chemical composition of the waste 
stream and the river; and the composition, 
grain size, and concentration of the sediment. 


The relation of sediment load to stream flow 
and velocity is complex, and, although the gen- 
eral principles have been more or less defined 
by a number of classic studies, their applica- 
tion to specific areas is anything but straight- 
forward. Colby and Hembree,”! for example, 
have derived a duration curve of suspended- 
sediment discharge for the Niobrara River in 
Nebraska from the sediment-flow relation and 
the flow-duration curve. Similar relations could 
doubtless be derived for other streams if the 
basic data were available and perhaps could be 
extended to define the relation between flow and 
the distribution of particle size and particle 
composition of the suspended sediments. Even- 
tually it may be possible to establish similar 
relations between streamflow and the move- 
ment of the bottom load of the stream.?? Varia- 
tions in the chemical quality of the river water 
may also be related to streamflow and to other 
factors.**4 For example, Davis™ has shown 
how the quality of the water in a stream is af- 
fected by the nature and extent of the geologic 
formations which underlie the area of its 
watershed. The natural radioactivity background 
of the water and sediments in a stream may be 
Similarly controlled by geology; for example, 
the activity in the sediments in the bed of the 
Clinch River in Tennessee is highest opposite 
the mouths of tributaries draining areas of 
Chattanooga shale, a formation relatively rich 
in uranium.2° 


Selection of Sampling Sites 


Sites for sampling to measure background 
tadioactivity in water and sediments should be 
established prior to any release of radioactive 
materials to the stream. Several of these loca- 
tions should be at the sites established for 


primary stations on streams to which no radio- 
active wastes are expected to be released. 
Background readings at these stations should 
be carefully correlated with the background in 
potentially contaminated streams prior to their 
contamination so that later readings may be 
adjusted for background on the basis of such 
correlations. The local geology must be care- 
fully considered in the selection of these sites 
if the correlations are to remain valid. 

Other sampling points should be located at the 
mouths of large tributaries and at dams, locks, 
hydroelectric stations, or any other points 
where streamflows are brqught together and 
channeled so that representative samples may 
be more easily obtained and the results of the 
sampling may be correlated with measurements 
of the streamflow. Where a contaminated liquid 
waste stream is released to a river, the two 
most important sampling points are on the 
waste stream itself, where quantitiesare easier 
to measure because concentrations are higher, 
and on the river upstream from the point of 
waste discharge, since any activity found there 
will be background. 

For simplicity in operation the first station 
downstream from the point of release should be 
located where complete mixing of the contami- 
nant is always assured. In the Columbia River, 
near Hanford, the contaminants are first de- 
tected on the opposite bank 7 miles downstream, 
and complete mixing is probably assured 40 
miles downstream.”* On smaller streams com- 
plete mixing may occur within a few hundred 
feet of the release point. Another factor that 
must be considered is the quantity of radioactive 
material released, for when it is very small, 
as in the Chalk River,”’ there is little reason to 
expect to detect the low concentration of radio- 
activity downstream from the section at which 
uniform dispersion has occurred. Inother cases, 
however, the contamination may be detected 
downstream for hundreds of miles, as shown 
by Nelson.”* Actually, very little information is 
available on lateral dispersion in streams, and 
probably the most effective approach for the 
determination of the location of complete mix- 
ing and for the selection of sampling points is 
to conduct a series of tracer experiments over 
a range of flow conditions. 

Other sampling points shouldbe located where 
the first major use is made of the water down- 
stream or where the public has access to the 
water for swimming or fishing. There are no 
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general criteria for the selection of such points 
because they depend entirely on local conditions. 

Samples of bottom sediments should be ob- 
tained in the vicinity of abrupt changes in flow 
conditions and intermediate drainage. Abrupt 
changes in flow may be expected at constric- 
tions and expansions of the river channel, at 
points where there are changes in channel 
roughness, at bends, at changes in slope of the 
river or river-bottom profile, at the mouths of 
large tributaries, and at dams. 


Sample Collection 


In general, the collection of some 8 to 15 
samples per year at each of the partial-record 
and areal secondary stations will be sufficient 
to describe the full range of variation in flows, 
in chemical compositions, and in sediment-load 
characteristics, if the times of sampling are 
carefully chosen to coincide with times of nor- 
mal flow and with peaks and lows of stream 
discharge.”® Care shouldalso be taken to sample 
the true base flow of the stream. This can 
hardly be done if the samples are collected 
routinely, for example, collections which are 
made on the first day of each month. The visits 
to the sampling stations have to be irregular 
and governed by the flow conditions, which may 
on occasion change quickly with little prior 
warning. 

In streams contaminated by radioactive waste, 
the practice has been to collect “continuous’’ 
water samples. Equipment that is commercially 
available will collect continuous proportional 
samples from very small streams.*” This equip- 
ment is placed in a pool upstream from a weir. 
The creation of such a pool may, however, 
cause deposition of suspended sediments with 
their adsorbed radionuclides. If a material 
balance is to be made, the radioactive materials 
on these and other bottom sediments must be 
taken into account. 

In large streams the collection of once-daily 
water samples may be as Satisfactory as con- 
tinuous sampling for the determination of aver- 
age daily, weekly, monthly, or quarterly con- 
centrations of radionuclides if the size of the 
daily sample is made proportional to the daily 
flow and the changes in the flow of the stream 
and in the rate of release of radioactive wastes 
within a day are less than 15 per cent. The 
daily samples may be composited into weekly, 
monthly, or even quarterly samples, but, if 


there are many or rapid changes in the stream- 
flow, such composites may not give the true 
mean concentrations unless the samples are 
composited in proportion to the flow. Indeed, 
where variations in streamflow or waste dis- 
charge are frequent and rapid, it may well be 
necessary to take samples for compositing 
more frequently than once a day. Such samples 
may be taken, up to about four a day, with 
automatic programmed timers, sequencing 
switches, and solenoid valves. If a greater 
number of samples per day is required froma 
large stream, electronically actuated continuous 
proportional samplers should be designed. Such 
electronic equipment is feasible if the relation 
between flow and water level for the stream can 
be determined and if the velocity and flow area 
can be measured continuously. 

Graphs prepared by Colby and Hembree”! 
illustrate the degree to which velocity, sedi- 
ment concentration, and the chemical quality of 
the water vary from point to point in a stream 
cross section. Whether samples are collected 
manually or by continuously operating equip- 
ment, they are, in general, taken from the same 
point. Therefore it is desirable, from time to 
time, to sample the entire stream cross section 
adjacent to a sampling point to determine ad- 
justment factors between the mean concentra- 
tion and the concentration at the sampling point. 

Most of the available equipment that has been 
designed to sample such cross sections is in- 
tended to collect only one type of sample, 
either a sample for determining the quality of 
the water or a sample for studying the biota or 
the suspended or bottom sediments; there is no 
one piece of equipment that can handle all 
phases of the sampling problem. Dissolved- 
solids samples may be collected in weighted 
bottles. Dissolved-solids samples, as well as 
samples of dissolved gases and very fine sus- 
pended sediments, canbe collected in Kemmerer 
samplers (also called Guday and Foerst sam- 
plers). Special samplers that tend to minimize 
disturbance to the flow and so provide more 
accurate samples have been designed for the 
collection of suspended sediments, but not all 
the problems involved in such sampling have 
been solved.?! Plankton is sometimes sampled 
with nets, which tend to clog, and sometimes 
with Kemmerer samplers. 

The greatest difficulty with automatic sam- 
pling equipment is to get representative sam- 
ples of suspended: sediments. If the samples 








are 
locit 
to } 
give 
size: 
of e1 
TI 
inde 
stati 
sam} 
only 
and, 
deep’ 
desig 
need, 
time: 
the 
throu 
botto 
from 
cohe 
samp 
vento 
mate: 
obtai: 
There 
samp 
botto: 
Jr, 
licati 
vey) 


Rec 
lo 


Sin 
viron: 
been « 
its di 
anima 
obtain 
it has 
biolog 
differ 
ample 
dose | 
fractic 
gastro 
work 
Valuab 
that j 
MPC | 
the or 


ile, 


or 
; no 

all 
ed- 
ited 
| as 
us- 
rer 


nize 
lore 


all 
jave 
pled 
mes 


am- 
am- 
ples 


are pumped from the river, a sufficient ve- 
locity of flow in the pipeline must be maintained 
to prevent the settling of sediment; Durand 
gives data that will aid in the selection of pipe 
sizes and pump capacities to avoid this source 
of error.” 

The bottom load moved by the stream and, 
indeed, any part of the river bottom, whether 
stationary or in motion, is particularly hard to 
sample. Pederson and Ekman dredges will reach 
only the top few inches of the bottom sediments, 
and, although other equipment may reach 
deeper, the investigator must be prepared to 
design his own equipment to fit his individual 
needs. If the river scours its bed deeply in 
times of flood, the radioactive contaminants in 
the clay, silt, and sand may be distributed 
through a considerable depth of material. The 
bottom sediments in many rivers vary greatly 
from place to place in composition, texture, and 
cohesiveness. So-called undisturbed’’ core 
samples, although highly desirable if an in- 
ventory or material balance of the radioactive 
materials is intended, are time-consuming to 
obtain and all too frequently disappointing. 
There is no one core sampler or standard 
sampling procedure that is suitable for all 
bottom sediment conditions. (P. H. Carrigan, 
Jr, U. S. Geological Survey; approved for pub- 
lication by the Director, U. S. Geological Sur- 
vey) 


Recent Studies Related 
to Determination of MPC Values 


Since Sr®® was first recognized as an en- 
vironmental contaminant, much attention has 
been directed toward its metabolic behavior and 
its distribution in the environment. Data from 
animal experiments have been extrapolated to 
obtain data relative to human beings, although 
ithas been shown that, for some nuclides, the 
biological half life in animals and humans may 
differ by several orders of magnitude. For ex- 
ample, the problem of calculating the internal 





dose frequently requires a determination of the 
fraction of an oral dose which passes from the 
gastrointestinal tract into the blood. The recent 
Work of Samachson® is therefore especially 
Valuable because it provides data from humans 
that is particularly valuable for calculating 
MPC values. In his experiments the fraction of 
the oral dose transferred was 0.20 for Sr® and 
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an average of 0.4 to 0.5 forCa**. Stable calcium 
added to the patients’ diet was found to have 
less effect on the amount of Sr® absorbed than 
on the absorption of Ca*®, 

Strontium-90 concentrates primarily in the 
bone, but, in its circulation through the body, it 
irradiates the reproductive organs and other 
tissues. Many theoretical calculations have been 
made to estimate the dose received by the 
human gonads from both the deposited and 
circulating Sr®°. Samachson found that for a 
given Sr® intake blood plasma levels of Sr® 
vary relatively little as between different in- 
dividuals or from children to adults. However, 
the concentration of Sr® in the blood plasma 
does vary directly with the intake of Sr®. For 
example, on an intake of 5 pc of Sr®” per day, 
0.1 uc/liter is found in the plasma. This re- 
sults in a dose to the soft tissue, including the 
gonads, of two or three orders of magnitude 
less than the dose to the skeleton produced by 
the strontium absorbed in the bone. 

Another fission product that has aroused 
much interest is Cs'3", a gamma emitter, which, 
unlike Sr®, deposits in the soft tissue rather 
than in the bone. Under favorable conditions 
the body burden of Cs!’ may be determined 
with a whole-body counter. One of the largest 
groups to be measured* in this way were the 
women who had worked inthe radium-luminizing 
industry in England prior to the end of World 
War II. The body burden of Ra’*® and K* was 
measured, in addition to that of Cs'®’, In cases 
where the body burden of radium was relatively 
high, the identification of Cs'*’ and K‘° was 
appreciably more difficult; so individuals were 
selected for detailed study who contained less 
than 0.02 wc RaB in equilibrium with RaC. 

The authors conclude from their studies that 
the Cs'3’ content in different people is not pro- 
portional to their body weight nor to their body 
burden of potassium. In 1958—1959 the mean 
annual dose received by these adults due to 
Cs'3’ was less than 2 per cent of the approxi- 
mate i100 mrem/year received from natural 
sources, 

Another similar study*® was made of certain 
residents of the United Kingdom, including those 
employed at Harwell. The data for Cs'*" agreed 
closely with data obtained at Argonne National 
Laboratory, at Los Alamos Scientific Labora- 
tory, and in Canada. Rundo*® concluded that the 
radiocesium found in persons employed at the 
Atomic Energy Research Establishment at Har- 
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well was a consequence of world-wide fallout 
rather than contamination at Harwell and that it 
amounted to about 1 per cent of the total back- 
ground radiation. Because of interest in irra- 
diation of the gonads and possible consequent 
genetic effects, Rundo estimated the dose rate 
to the testes from Cs!*" to be about 1.1 mrads/ 
year as compared with 19 mrads/year from 
K*°, an increase of about 6 per cent. Although 
this represents a possibly significant increase 
in the background, the total dose is still less 
- than that received by those living in regions of 
monazite sand. In general, the work of Rundo*® 
and of Maycock and his associates* provides 
important confirmation of previous data but 
offers no new conclusions. 

The complexities of ‘environmental contami- 
nation have aroused much interest, and many 
previously apparently unrelated subjects have 
been combined in the attempt to understand the 
pathways followed by radioactive fallout. One of 
the first publications devoted to this problem is 
A Symposium on Radioisotopes in the Biosphere, 
edited by Caldecott and Snyder.** This book is 
a collection of papers presented ata symposium 
on the ecology of radionuclides held at the 
University of Minnesota, Oct. 19-23, 1959. It 
is the best compilation of data now available 
dealing with the many facets which must be 
integrated to understand fallout problems. 

Because radioactive environmental contami- 
nation is a new and difficult problem with im- 
portant long-range implications, the U. S. Public 
Health Service has established a monitoring 
network in the United States to sample milk, 
air, and water for radioactivity.*’ The major 
vehicles by which radioactive nuclides may 
enter the human body are food, water, and air. 
After Sr®, Cs'3", and I'3!, which are among the 
potentially most dangerous nuclides from fall- 
out, are deposited in the body, little or nothing 
can be done to hasten their excretion, and so 
quite properly the U.S. Public Health Service 
wishes to keep track of their presence in food, 
air, and water. If higher than normal levels 
are discovered, the source must be sought. If 
the environmental contamination exceeds the 
MPC, remedial measures must be taken. 

Many of the first experiments in which radio- 
nuclides were administered to animals were 
of necessity of short duration, and only a small 
number of animals were used. Therefore many 
of these experiments need to be repeated with 
a larger number of animals and the work ex- 


tended to cover a longer period. Because the 
majority of occupational exposures are from 
the inhalation of radionuclides, itis particularly 
important that experiments be done inthis area, 
Interesting work is being done in Russia, 
judging from the publications of Buldakov and 
his associates.*® White male rats were per- 
mitted to inhale the chlorides of cerium and 
ruthenium for 30 and 10 min, respectively, 
during which periods 40 and 90 uc, respectively, 
of the nuclides were administered. The animals 
were sacrificed at intervals varying from 15 
min to 64 days. Although these data may be 
utilized in calculating MPC values, the experi- 
ments are still of relatively short duration, 
Cerium has a biological half life of 1500 days 
in bone; therefore we may hope that later work 
will cover even longer periods. (M. J. Cook) 
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' EBR-I Operating Experience 


The Experimental Breeder Reactor (EBR-I)isa 
liquid- metal (eutectic NaK) cooled, heterogene- 
ous, experimental reactor with a fast-neutron 
spectrum and a nominal thermal power of 1.4 Mw 
[0.15 Mw(e)].' It was built for, and has been 
operated under the supervision of, Argonne Na- 
tional Laboratory (ANL), an AEC prime contrac- 
tor. The EBR-I was constructed at NRTS, Arco, 
Idaho, and operation began in 1951. 

The EBR-I was designed to fulfill two funda- 
mental purposes: (1) to investigate and demon- 
strate fast-reactor breeding and (2) to demon- 
strate the feasibility of using NaK as a coolant 
in power reactors, bothon a purely experimental 
basis. It was designed to be quite flexible,® as to 
both loading and operating conditions, inorder to 
facilitate the accomplishment of its aims. Both 
of these fundamental purposes had been largely 
accomplished by 1957 during operation with two 
core loadings (Mark I and Mark II), as reported 
by Thalgott,? and data and corresponding theo- 
retical models on several aspects of liquid- 
metal-cooled fast-breeder reactors had been 
developed. The measured conversion ratio was 
1.01+ 0.05, and no significant difficulty was 
encountered with the liquid-metal systems. 
These developments have been described and 
followed in ANL progress and topical reports 
through three core loadings (Mark I, Mark II, 
and Mark III) and are being employed in the 
design of a fourth core (Mark IV). 

The EBR-I consists essentially of an unmod- 
erated reactor coupled to a heat sink. The heat 
sink consists of (1) a primary NaK coolant cir- 
cuit that removes heat from the reactor; (2) a 
secondary NaK circuit that removes heat from 
the primary NaK; (3) a superheater, boiler, 
steam turbine, condenser, and economizer 
(water) circuit that removes heat from the 
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secondary NaK circuit; and (4) an electric 
generator driven by the turbine. The primary 
NaK flow is from an elevated constant-level tank 
into the reactor, down through the inner blanket, 
up through the core, out of the reactor, through 
the heat exchanger, and down to a receiving 
tank. From the receiving tank it is continuously 
pumped up to the constant-level tank, which 
contains an overflow to the receiving tank. 
Further details of the heat-sink system are de- 
scribed by Zinn’ and Trocki et al.® 


Description of EBR-I, Mark |, Reactor 


The EBR-I, Mark I, reactor?:*:’ consisted of 
three principal parts: the core, the inner blanket, 
and the outer blanket. 


The Mark I core was a hexagon approxi- 
mately 7// in. high and 7'/, in. in diameter 
(flat to flat). It contained 169 stainless-steel 
tubes that held four 94 per cent enriched- 
uranium slugs sandwiched between natural ura- 
nium. The stainless-steel tubes extended through 
the upper shield for handling purposes. There 
were also slugs of natural uranium both below 
and above the fuel inside the tube to form part 
of the inner blanket. An annulus of NaK formed 
a thermal bond between the fuel and the stainless- 
steel tube. The total inventory of U’®° in the 
Mark I core was 55.675 kg, including 3.875 kg 
added for operating excess reactivity. 

The inner blanket’ of the EBR-I consists of 
elements of stainless-steel-jacketed natural- 
uranium slugs '*/, in. in diameter and 20'/ in. 
long jacketed in 0.022-in.-thick stainless-steel 
tubes. These elements are also provided with 
extensions projecting through the upper reactor 
shield for insertion and removal. 

An external air-cooled blanket®»’ surrounds 
an inner stainless-steel tank containing the core 
and inner blanket. The external blanket consists 
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of natural-uranium bricks clad with stainless 
steel. The blanket is 30'% in. in diameter and 
27 in. high and is air-cooled. This cylinder rests 
on a hydraulic elevator platform and acts asa 
shim control (by raising and lowering it). An 
§1-kg block of natural uranium is centered be- 
low the inner tank. It is supported by air pres- 
sure controlled by valves and instruments so 
that a power failure would cause the block to 
drop away from the reactor core. 


Surrounding the external blanket’ is a graphite 
reflector 19 in. thick, followed by 9 ft of concrete 
shielding. Six experimental beam holes pierced 
the concrete shield and graphite reflector.’ 
Thermal columns and a “rabbit hole” also pro- 
vide for experiments. 


Twelve 2-in.-OD control rods of stainless- 
steel-jacketed natural uranium are provided 
and are designed for vertical motions through 
holes in the external blanket bricks. Eight are 
quick-acting safety rods, and four, with controls 
for more accurate positioning, are for normal 
operating control. (The relative speeds of these 
rods figured in the November 1955 partial melt- 
down of the Mark II core.) The entire outer 
blanket, and the shield plug on which it rests, 
was designed to be dropped “quickly” by the 
hydraulic elevator in emergencies. 


Safety Circuits 


Of the 49 safety circuits mentioned by Unbe- 
haun,’ 26 were designed to provide signals 
indicating abnormal operation, 8 to provide 
Signals indicating danger (and designed to scram 
the reactor after 2 min without correction), and 
1} were designed to scram the reactor imme- 
diately. The immediate scrams were designed 
to act when any one of the following parameters 
left its specified range: pile period, fuel tem- 
perature, coolant flow rate, coolant temperature, 
elevator hydraulic pressure, radiation levels at 
designated points, or position of any of four 
valves. All safety circuits were duplicated to 
greatly increase their reliabilities. In addition, 
periodic checks with check lists are made by 
the operators, and frequent detailed inspections 
of all equipment and safety devices must be made 
and reported to the project engineer. 


Fuel Inventory and Reactivity Control 


Lichtenberger et al. reported’ at Geneva in 
1955 that the operating control rods contained a 


total reactivity worth of about 1 per cent k, that 
the safety rods could remove 0.27 per cent k in 
100 msec, and the external blanket could remove 
8.2 per cent kata rate depending on an accelera- 
tion of a little less than 1 g. They reported that 
the critical mass was 48.2 kg of U2 and that 
an additional loading of about 4 kg was included 
to provide for operating control. They also stated 
that the average temperature coefficient was 
—3.5x 10° Ak/°C from 38 to 200°C and that 
filling with the coolant added reactivity approxi- 
mately equal to that added by 2 kg of U**® (thus 
loss of coolant reduces the reactivity). Separate 
instrumentation was provided for startup, for 
safety, and for steady operation, and all safety 
circuits were duplicated, as mentioned above. 


Operation of Mark | 
and Mark II Cores Through 1955 


Unbehaun has reported’ that, when the Mark I 
reactor was started up in 1951, it was found that 
radiation levels around the reactor were higher 
than had been anticipated. An additional 30 in. of 
concrete shielding was therefore provided, and 
operation was resumed. In June 1952 a leak of 
NaK to NaK was discovered in the primary heat 
exchanger, and the reactor was shut down for 
repair. During the shutdown, 16 fuel elements 
were removed for examination and were re- 
placed by new elements. The duration of shut- 
down was not stated, but it was reported that 
more than 1500 Mw(t)-hr of operation had been 
accumulated by Apr. 15, 1953. 


The fuel used in the first core was beta- 
quenched uranium. During operation of the first 
core, experiments at ANL showed that an alloy 
fuel composed of uranium and 2 wt.% zirconium 
was more resistant to irradiation growth and 
was free of the irradiation-induced surface- 
roughening characteristic of beta-quenched ura- 
nium.® Accordingly, in early 1954, a second 
(Mark II) core was installed with uranium—2 
wt.% zirconium alloy in both the fuel and the 
blanket slugs. 


Lichtenberger et al. reported at the 1955 
Geneva conference,’ with respect to Mark I and 
Mark II operation, that: “The reactor system 
has proven to be very reliable and has given 
very good service during 3Y/, years of opera- 
tion... . This plant is inherently quite stable 
and is largely self-regulating... .” 
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On Nov. 29, 1955, a partial meltdown of the 
reactor (second core) occurred during an ex- 
periment described by Zinn’ as a “last experi- 
ment” to make measurements and to determine 
whether fuel-rod distortion would occur with 
the reactor on a fast, positive period. He ex- 
plained that the reactor was scheduled to be 
placed in stand-by in 1956 and that the fuel was 
to be removed without definite plans for its 
replacement. So, with the understood risk that 
some of the fuel might melt, it was decided that 
. the information sought was valuable enough to 
warrant the risk, and the experiment was 
carried out. Since a measurement of the tem- 
perature coefficient of the fuel alone was de- 
sired, the flow of liquid-metal coolant was 
shut off. Therefore the*experiment was carried 
out on what amounted to a critical assembly 
rather than an operating reactor. The period 
was to be reduced to 0.27 sec, andthe tempera- 
ture of the fuel was to be permitted to reach 
approximately 500°C so that shutdown would 
have to be initiated at the proper instant and 
accomplished rapidly. The reactor was equipped 
with both relatively slow-acting motor-driven 
control rods and relatively fast-acting shutoff 
rods. The control operator was to activate the 
fast shutoff rods on spoken instruction from the 
observing scientist in charge. Instead, he mis- 
takenly activated the slower-acting control rods. 
In less than 2 sec the scientist pushed the rapid 
shutoff button, and, simultaneously, the auto- 
matic power-level trips responded to activate 
the shutoff rods. This delay in reactivity re- 
duction “was sufficient to permit the reactor 
power to overshoot to a point where the alloying 
of uranium and steel and melting of the uranium 
took place.” It developed that melting had 
occurred in 40 to 50 per cent of the core.’” 


The core assembly was removed from the 
reactor and shipped to ANL at Argonne, I11., 
for examination and disassembly. Observations 
during disassembly and subsequent simulated 
meltdown experiments indicated that the porous 
structure formed in the core could have resulted 
from the vaporization’® of entrained NaK. 


Operation Since 1955 (Mark III Core) 


Thalgott reported? in 1957 that, in normal 
operation, the Mark I and Mark II reactors were 
quite stable and largely self-regulating. He 
noted, however, that, when the coolant flow 
through the reactor was changed, a prompt, 


positive metal temperature coefficient of reac- 
tivity was observed. He reported that experi- 
ments with the ZPR-III critical assembly indi- 
cated a weak Doppler effect inan EBR-I spectrum 
but that it was too small to account for the ob- 
served coefficient. He proposed another possible 
explanation; i.e., that bowing of the fuel rods 
toward the core axis occurred because of the 
increase of the flux and fission rate as a func- 
tion of nearness to the reactor axis. He proposed 
that the inward bowing would result ina positive 
reactivity effect and concluded that appropriate 
mechanical design could prevent that difficulty, 
He also reported’ that a second phenomenon 
observed in EBR-I was an increasing tendency 
toward power oscillation when the ratio of power 
to coolant flow was increased. He pointed out, 
however, that a sufficiently large, prompt, nega- 
tive coefficient could override this tendency and 
so prevent instabilities. He described the fea- 
tures being incorporated in EBR-I, Mark III, 
which were aimed at prevention of inward bow- 
ing of fuel rods and described the design for in- 
creased flexibility in coolant flow arrangement 
and more complete temperature monitoring. 


Although the design of Mark I included stiff- 
eners intended to keep the fuel elements a set 
distance apart (prevent bowing), the problem 
had not been fully appreciated. Mark II included 
much stronger stiffeners to prevent bowing," but 
it was concluded that radial expansion of the end 
plates, through which the fuel elements extended, 
had forced some bowing inthe elements. Mark Ill 
was designed with great care in this respect to 
make certain that the fuel elements were rigidly 
prevented from bowing under all conditions of 
operation. Whereas the fuel pins in Mark I and 
Mark II were free standing, Mark III pins were 
close-packed in subassemblies which were in 
turn close-packed in the reactor core space. 


The ANL annual reports’”’* for 1957 and 1958 
confirmed the predictions that the EBR-I with 
the Mark III core would be stable under normal 
operating conditions and that “the features of 
mechanical design responsible for the instability 
of the Mark II core have been eliminated in the 
new, more rigid design.” Mark III exhibited 
negative isothermal temperature and power 
coefficients, and no evidence was found of 4 
positive coefficient associated with an increasé 
in ratio of power to coolant flow rate. 


Stability experiments with the Mark III coré 
were continued"! in 1959. Exchanges of fuel 
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and blanket rods to increase the temperature 
gradient across the flow separator gave results 
indicating that feedback effects originating in 
the radial blanket are not important. Another 
test with the stiffening ribs removed from a 
subassembly of blanket rods showed little or no 
feedback effects, indicating that bowing of the 
blanket rods is probably unimportant as acause 
of feedback. In another test, removal of stiff- 
eners from fuel rods “indicated rather conclu- 
sively that there is an effect completely con- 
sistent with the suggestion that the rods bow 
inward.” In all cases studied the results “tended 
to substantiate the conclusion that a positive 
component had been added to the power coeffi- 
cient” (by the removal of stiffeners). 


A mathematical model was developed, and it 
showed “good agreement with reactor behavior.” 
Use of the model to investigate extreme con- 
ditions showed instabilities at conditions con- 
sidereded most unlikely to be present in the 
reactor. “The principal conclusion is that sta- 
bility of fast reactors isnota functionof nuclear 
phenomena but is the result of mechanical phe- 
nomena which can be controlled by intelligent 
design.” 


A final analysis on the stability studies of the 
Mark III core was summarized!® in November 
1960. No change was indicated in the conclusion 
that adequate mechanical design prevented a 
positive coefficient from fuel-rod bowing. It 
was indicated that a sufficiently large ratio of 
power to coolant flow would cause instability 
but that the thermal power would have to be so 
high (about 1000 Mw) at full flow (10 Mw at one- 
third flow) that this is only of academic interest. 
The power coefficient was found to be nonlinear 
but negative at all powers. The effect of inlet 
coolant temperature onthe power coefficient was 
found to be real but minor. Low-frequency (e.g., 
400 sec/cycle) feedbacks from temperatures of 
large structures were found. Feedback from the 
radial breeding blanket, if any, was too small 
to be detected. 


Operation from August 1960 through March 
1961 consisted mainly of training reactor oper- 
ators. The Mark IV core is in various stages 
of design, development, and fabrication.‘ It is 
fo use fuel elements of plutonium—0.125 wt.% 
aluminum alloy jacketed in Zircaloy-2 tubing 
ina further series of experiments. 

(L. A. Mann) 


Idaho Chemical Processing Plant 
Criticality Incident 
of January 25, 1961 


On Jan. 25, 1961, at 9:50 a.m., a nuclear 
excursion of approximately 6 x 10!" fissions 
occurred in an evaporator within a shielded 
cell at the Idaho Chemical Processing Plant 
(ICPP). This was the second criticality incident 
in the facility; the first incident was reported in 
a previous issue of Nuclear Safely.® The Jan- 
uary 25 incident is described in the report of an 
investigating committee.'’ None of the 251 per- 
sons present in the ICPP area at the time of 
the accident received significant radiation ex- 
posure. The maximum radiation dose rate at 
ground level downwind of the facility was 30 
mr/hr due to cloud passage. No costs were in- 
curred which were attributable to contamination 
cleanup, product recovery, or equipment repair 
as a result of the incident. 

The accident occurred while operating per- 
sonnel were attempting to use air pressure to 
remove an apparent plug in the evaporator 
product-withdrawal line. The product evaporator 
is of the thermosiphon type, with a geometrically 
safe bottom section and a 24-in.-diameter non- 
geometrically safe vapor-disengagement sec- 
tion. 

Approximately 40 liters of solution containing 
200 g of 90 per cent enriched U*** per liter 
had accumulated in the evaporator. Transfer of 
the evaporator product through a line that extends 
from the bottom section through a valve and 
remote head diaphragm pump to a temporary 
storage tank could not be initiated. It was not 
known at the time whether this was because of 
failure of the pump or a plug in the pump dis- 
charge. An attempt was made to remove a pos- 
sible plug in the pump discharge by closing the 
valve between the pump and the evaporator and 
forcing approximately 4 liters of water from a 
10-gal tank pressurized with 40-psig air through 
a decontamination line into the suction side of the 
pump. The 10-gal water tank was located in the 
plant makeup area. It became apparent that the 
possible plug had been removed when the liquid- 
level recorder on the temporary storage vessel 
indicated an accumulation of approximately 
4 liters. The operator in the makeup area was 
then instructed by voice communication through 
a pipe chase from the operating area to close 
the manual valve between the decontamination 
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tank and the pump suction. A muffled reply from 
the operator in the makeup area was heard, and 
thereupon the operator in the operating area 
turned on the pump and opened the valve be- 
tween the evaporator and the suction side of the 
pump. Immediately upon the opening of the valve, 
radiation alarms sounded throughout the plant. 
At the sound of the alarms, the plant operations 
superintendent proceeded to the master radia- 
tion panel in the health-physics office, found it 
almost completely covered with alarm lights, 
- hurried to the end of a corridor toa plant evac- 
uation alarm station, and actuated the plant 
evacuation alarm; the alarm was actuated within 
no more than a minute after the radiation 
alarms had sounded. 

The incident apparently occurred because a 
burst of air from the evaporator product- 
withdrawal pipeline lifted a portion of the fissile 
solution from the geometrically safe leg of the 
evaporator into the nongeometrically safe vapor- 
disengagement section. Neutron-activation 
studies of metal samples from the evaporator 
system have verified that the excursion occurred 
in the disengagement section. It is supposed 
that the process operator in the operating area 
assumed the air pressure in the decontami- 
nation and product-withdrawal pipelines had 
previously been vented through the temporary 
storage tank after transfer of the 4 liters of 
water. The investigating committee stated that 
the postulated mechanism by which the solution 
was lifted in the evaporator would be more 
readily acceptable if the manual valve between 
the 10-gal pressurized tank in the makeup 
area and the pump suction line had not been 
closed, inasmuch as a larger volume of air 
would have been available for expansion. The 
operator in the makeup area testified, how- 
ever, that the valve was closed. The available 
radiation-instrument charts indicate that the 
nuclear excursion was of short duration (<2 to 
3 min) but did not necessarily consist of a 
single burst. Analysis of the fissile solution 
indicated that a total of 6 x 10'' (425 per cent) 
fissions had occurred. 

Evacuation of the building and outside working 
areas to a parking lot was complete within 5 to 
7 min after sounding of the evacuation alarm, 
except for one person who was working near an 
air compressor and did not hear the alarm. 
That person evacuated about 10 min after the 
alarm had been initiated, and his film badge 
showed no detectable exposure. Subsequent 


analyses of about one-half of the employee film 
badges and pocket dosimeters and of blood so- 
dium samples, together with bioassays and 
whole-body counting, indicated a maximum gam- 
ma exposure of 55 mrem and a negligible 
internal or external beta or neutron exposure. 

Analyses made subsequent to the incident 
indicated that activity was released to the 
environment only through the vessel off-gas 
system, which exhausts to the local plant stack. 
The vessel off-gas treatment system consisted 
at the time of the accident of only a small de- 
entrainment tower packed with Raschig rings 
and a long pipeline to the stack. The vessel off- 
gas filters were being bypassed at the time of 
the incident.'® The first proof of a criticality 
incident was received approximately 45 min 
after the incident by the determination of 
short-lived Cs'** on the stack-sampling filter, 
The radioactive release from the stack did not 
cause significant personnel exposures and re- 
sulted in a maximum radiation reading at ground 
level downwind of the stack of 30 mr/hr during 
cloud passage. 

The investigating committee concluded that 
absolute protection against criticality incidents 
is neither possible nor practical in enriched- 
uranium fuel-handling plants, since it is nec- 
essary to use administrative control in some of 
the operations and since the effects of an inci- 
dent in an adequately shielded and contained 
facility are not disastrous. The committee did, 
however, make the following recommendations 
to strengthen the safeguards within the plant: 

1. The use of steam or compressed air to clear 
obstructed process lines is to be permitted only 
with the specific approval of the Assistant Manager 
for Operations after the contingencies have been 
fully evaluated. 

2. Communications between safeguard commit- 
tees and operating personnel should be improved 
by codification of safeguard committees’ actions, 
providing a full-time safeguard committee chair- 
man, and improving the direction and follow-up in 
operator training, particularly with respect to in- 
frequent and emergency conditions. 

3. Engineering safety reviews should always con- 
sider complete systems rather than single items 
of equipment. In particular, the potential for mal- 
operation or misuse of any part of the system should 
be considered, 

4, Consideration should be given to the redesign 
of the evaporator system to increase physical pro- 
tection against criticality. 

5. Attention should be given to improving inter- 
communication between work areas, 
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6. As a matter of policy, all personnel badge 
dosimeters should be analyzed immediately follow- 
ing a criticality incident or accidental release of 
radioactive material. 

7, Additional technical personnel should be avail- 
able each shift to provide increased surveillance 
over processing activities. 


This incident served to emphasize that dis- 
persive incidents are most likely to occur 
during periods of nonroutine operations, such 
as the line-unplugging operation, which may be 
less thoroughly planned and executed than normal 
process operations. A recommended policy for 
such nonroutine operations is that no operation 
should be performed until a technically respon- 
sible employee has developed a detailed step-by- 
step operating procedure, the procedure has 
been approved by another responsible technical 
employee, and the procedure has been reviewed 
and discussed with the personnel who will per- 
form the operation. 

A study is being made of the use of a fixed 
poison to provide additional safety in non- 
geometrically safe sections of existing process 
equipment. It is often possible to place glass 
Raschig rings in evaporator disengagement 
sections, solvent deentrainment vessels, column 
end sections, or miscellaneous collection ves- 
sels with relatively little inconvenience or cost. 

From the relatively minor personal exposures 
that resulted from this accidental criticality, it 
is apparent that the containment features of the 
plant functioned satisfactorily. The exposures 
could possibly have been even smaller, how- 
ever, had the evacuation signal been given more 
promptly, as it could have been if it had been 
possible to actuate the evacuation alarm from 
the master radiation panel. Automatic actuation 
of the evacuation alarm should be considered; 
this frequently involves the use of coincident 
signals to avoid unnecessary evacuations. 

The reviewer would also like to reiterate the 
Comment that was made in the review of the 
lirst ICPP criticality accident,"® namely, that 
the consequences of the accident would have 
been lessened if a more elaborate vessel off-gas 
system had been used. In particular, off-gases 
of radiochemical processing plants should pass 
through a caustic scrubber and then through 
toughing and absolute filters before being ex- 
hausted through a stack. It has been calculated 
that, utilizing such a system, the maximum 





Possible cloud dose and downwind ground con- 
lamination resulting from a criticality incident 


of 10'® fissions would be negligible. 
(J. P. Nichols) 


Comments on Proposed 
Reactor Site Criteria 


Proposed criteria for use as guides in the 
Selection of reactor sites were published in the 
Federal Register on Feb. 11, 1961, and com- 
ments or suggestions addressed to the Division 
of Licensing and Regulation of the AEC were 
invited from interested parties. The criteria 
and previous siting developments were re- 
viewed in the June 1961 issue of Nuclear 
Safety.'*° Even if the proposed criteria were 
adopted in anything like the present form, the 
judgment of the designer, the AEC regulatory 
staff, and the ACRS remains vital to the selection 
of a site, since, as acknowledged by AEC, site 
criteria cannot yet be stated precisely. 


Comments were received from 30 sources, 
including ACRS, the Atomic Industrial Forum, 
and foreign, as well as American, groups. The 
Committee on Reactor Safety of the Atomic 
Industrial Forum on Mar. 17, 1961, discussed 
the criteria in a special Forum seminar par- 
ticipated in by 17 of its members.”! In addition 
to comments, the Forum submitted,” as did 
Atomics International,”* a proposed complete 
revision of the criteria. The selected quotations 
appearing in the discussion that follows were 
taken from many of the comments in an attempt 
to indicate both their range and depth. Although 
it is intended that the original meaning of the 
comments be maintained, all are, of course, 
presented here out of context, and persons 
interested in greater detail should refer to the 
original comments. It is anticipated that the 
Division of Licensing and Regulation will embody 
many of the comments and suggestions into a 
revision of the criteria which will then be 
issued in the Federal Register. 


General Comments 


For the most part the groups who commented 
welcomed the criteria, since they saw the need 
for guide lines for the industry. There was, 
however, much fear expressed that the criteria 
were too restrictive and that, once they were 
set forth in the Federal Register as regulations 
and were fixed in the minds of the public and 
authorities, it would be difficult to make site 
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decisions counter to the criteria even though 
such decisions might be warranted by the par- 
ticular designs. The use of the calculated exam- 
ple (in Appendix A of the proposed criteria) for 
a serious accident of a hypothetical reactor was 


a 


cause of concern. It was felt that too much 


emphasis was placed on distances to populated 
centers, to the detriment of the engineering 
safeguards that can be developed. A sampling 


of 


the general comments follows: 

. use of the term ‘‘guides’’ may lead to some 
ambiguity as to their intent and purpose ... the 
proposed guides had been identified by AEC as , 
(part) of the Code of Federal Regulations... 

There wasan obvious difference of opinion among 
seminar participants as to the intended purpose of 
Appendix A. ... : 

... the guides may, through inadverted phraseol- 
ogy, have a possible adverse impact on public 
opinion even though their intent might be clearly 
understood by reactor licensees and others in the 
atomic industry, !?4) 


We believe that the guides outlined in the pro- 
posed criteria are most desirable for preliminary 
evaluation of potential reactor sites... . 

An effort should be made to establish the trade- 
offs which can acceptably be effected between engi- 
neering safeguards incorporated in the reactor 
system and the various distances specified in the 
present guides, !"4! 





To my knowledge, there is no definite require- 
ment by the Commission which would prevent an 
industrial park or suburban housing development 
from springing up around a reactor, once it was 
licensed, and effectively abolishing the ‘flow popu- 
lation zone’’ so carefully calculated as a require- 
ment for issuing the license | 251 





It is apparent throughout the proposed guide that 
it was written for a specific class of reactors 
and a specific type of containment. This is un- 
fortunate .|?6] 


Objective (b) of the proposed guides is not clear 
because the phrases ‘‘not normally considered 
credible” and ‘the number of people killed should 
not be catastrophic”? are subject to a considerable 
range of subjective interpretation. In addition, the 
latter could provoke public alarm without need... . 

It is recommended, therefore, that the basic ob- 
jective inthe establishment and use of the proposed 
guides be stated as: 

*‘Serious injury to individuals offsite should be 
avoided and the exposure of large numbers of 
people in terms of total integrated population 
dose should be low, if any unlikely, but -still 
credible, accident should occur.’?!?3! 





... the document recognizes tacitly that the ACRS 
and the AEC as a whole are not as yet completely 
willing to trade distance for engineering design, 
This is a reasonable position at this stage in the 
development of the atomic energy industry and in 
view of the projected future population growth. 

The intent and desire of the ACRS is that this he 
a very flexible document and that deviations from 
this document should be allowed in cases where an 
applicant can show that his design or his siting of 
the reactor leads toa safe situation. In fact, the 
ACRS would like to encourage applicants to come in 
with deviations in those cases in which they believe 
that a valid reason for deviation exists,|2") 


Specific Comments on Guide 


Concern was expressed about some special 
cases in which application of the proposed 
concept of a “population center distance” would 
practically exclude power reactors from areas 
where most authorities feel they will be utilized, 
Japan feels that its regulations are likely to 
evolve from the U. S. regulations, and, in Japan, 
it would almost be impossible to find power- 
reactor sites based on the proposed regulations 
because of the high population density. It was 
also pointed out by several sources that the 
regulations created an awkward situation for 
mobile reactor power plants, such as that ofthe 
N.S. Savannah. The situation with respect to 
process-steam reactors would also be clouded. 
Some of the comments on these special cases 
follow: 


The proposed guides on reactor site criteria 
published by the United States Atomic Energy Com- 
mission on February 11 this year [have] brought 
about a great deal of repercussion among the re- 
lated quarters of the Japanese industry. We con- 
sider that it is now a sort of world wide common 
sense that in the field of nuclear energy even 
domestic legislations cannot be made without in- 
fluencing or being influenced by the situation 
abroad, 28] 





Should these figures of exclusion area, low popu- 
lation zone, and population center distance as 4p- 
pearing in the Appendix A be adopted for granted, 
it would eventually make it practically impossible 
to find a site in Japan for installing any U. S. type 
reactor. | 





I would like to note that the Commission’s efforts 
to develop industrial process steam reactors also 
appear to raise questions about the consistency of 
AEC’s proposed guides on site criteria. As )% 
know, it is not economically practical to transmil 
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steam for long distances. In most cases, it is nec- 
essary that the industrial plants using process 
steam be located closely around the steam- 
producing plant, The Commission’s distance-from- 
population criteria for reactors seem to us incom- 
patible with the Commission’s expenditures of time 
and money for the development of process steam 
reactors.... 

There seems to be another inconsistency, as far 
as remoteness from population is concerned, in 
the Commission’s attitude in respect to nuclear- 
powered ships... . I recognize that the [N.S.] 
Savannah has been designed and built with special 
features to enhance the inherent safety of the power 
plant, . , [251 


Comments on Muliple Reactor Sites 


The question of how to apply the criteria to 
multiple reactors was introduced. Some of the 
comments were: 


Is the power level to be used for determining 
distances for population the total power level of all 
nuclear units on site or only the power level of the 
largest unit 2139) 





Where more than one reactor is located at a 
particular site, the thermal rating used in hazards 
calculations pertaining to the total installation 
should lie somewhere between the thermal rating 
of the largest single reactor and the sum of all 
reactors present. If there is negligible possibility 
that an accident in one reactor could cause an 
accident in another at the same site, then the ther- 
mal rating of the largest single reactor should be 
the value used in hazards calculations, !%4! 


Comments on Evaluation Factors 


There were several suggestions that the 
emphasis on distance to population centers as a 
factor used in evaluating reactor sites shouldbe 
replaced by an emphasis on the safety of the 
engineering design. Geological and hydrological 
factors were discussed in relation to the pre- 
cautions to be taken to prevent radioactive ef- 
fluents from running into rivers or reaching 
underground water tables. Criticism and ques- 
tions pertaining to the maximum emergency 
radiation-exposure dose for the population were 
included among the remarks. Some of the 
Comments were: 


We view with concern the site evaluation fac- 
tors... . This approach appears to minimize the 
Possible contributions to safety by advances in 
design and to maximize the value of isolation. We 
believe this approach unrealistically undervalues 


scientific and engineering skill, both present and 
future, [31] 





One fundamental point is that the contribution 
which site considerations can make to the safety of 
the public is relatively small, when compared to 
the contribution made by engineering barriers to 
the release of fission products... . 

We regard the proposed population center dis- 
tance factor as technically unjustified and recom- 
mend the development of a rating system which 
factors in meteorology and other environmental 
factors, in addition to distance. Such an approach 
provides a much greater degree of assurance that 
population center distance will make a significant 
contribution to public safety,'?*! 





It seems very unlikely that future inland sites 
can be found which have water supplies which are 
not used at some downstream point. .. . We would 
suggest ‘‘The plant design must provide reasonable 
assurance that radioactive liquid effluents cannot 
accidentally contaminate usable water supplies and 
prevent use of the water for long time periods. The 
provisions to prevent accidental releases as well 
as the importance of the potentially contaminated 
water must be considered.”’ ... 

In our opinion, some method of evaluating the 
risk of exposing large numbers of persons should 
be developed taking into account the integrated 
man-rem exposure potential based on the proposed 
plant including its design features, the meteorology 
and the size, distance, and direction of areas of 
substantial population. [%2) 





We do not question the 25-rem whole-body ex- 
posure, but we do believe that the 300-rem thyroid 
exposure is too high. The highest value iodine ex- 
posure equivalent that we could justify at the pres- 
ent time would be 150 rem... . We suspect that 
the higher thyroid values were included in the pro- 
posed criteria on the basis that exposed persons 
may be treated in such a fashion as to reduce their 
thyroid exposure by a factor of 2. However, the use 
of the higher value would be justified for a particu- 
lar reactor only if that installation were prepared 
to, and were capable of, rounding up all the persons 
which had been evacuated from the low-population 
zone and getting them to submit to the required 
treatment, This does not appear to be either de- 
sirable or practical, !?6) 





The most important single new development 
which is embodied in this document is the fact that 
it contained a set of dosage limits which can be 
used in the event of a very unlikely reactor acci- 
dent... . 

The site criteria, as published, do not completely 
define or take care of the problem of either genetic 
or somatic damage. The problem is recognized and 
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stated in the document, but answers to this problem 
do not as yet exist... . The Committee [ACRS] 
believes that the so-called ‘*man-rem’’ dose has 
much to offer as a safeguard for the general pro- 
tection of the population. We went so far, in De- 
cember of 1960, as to suggest to the Commission 
that a dose limit of 4 x 10° man-rems per accident 
might be reasonable (21) 


Comments on Appendix A 


The example in Appendix A, which gave cal- 
culations for possible reactor siting distances, 
was the most controversial portion of the pro- 
posed regulation. Some of the comments re- 
ceived with respect to the example follow: 


... the AEC’s Division of Licensing and Regula- 
tion has clearly demonstrated a tendency on the 
part of AEC to take the most conservative of al- 
ternative interpretations permitted by any rule. 
Hence, unless there is an unequivocal intent on the 
part of the AEC not to permit variance from the 
assumptions used in Appendix A, it should not be 


included as an integral part of the guides, !21! 





. we also believe that the example at the end 
should be treated simply as an example and, per- 
haps, should be either deleted or augmented by the 
addition of several other examples, 27! 





The proposed criterion tabulates conversion 
factors which were used to determine the dose 
received from breathing a specified quantity of the 
various iodine isotopes. We believe that the actual 
conversion factors are appreciably higher and 
suspect that the lower values in the guide were 
calculated from an earlier inaccurate value of the 
uptake of iodine by the thyroid as well as a lower 
breathing range. !35) 





We do not agree with the general applicability or 
the technical validity of the proposed Appendix A 
and urge that the Appendix be deleted, |29 


(J. R. Buchanan) 


Changes in Licensing Regulations 


Parts of the AEC rules and regulations, found 
in Title 10, Code of Federal Regulations, Chap- 
ter 1, are frequently amended. Those now being 
considered for change are discussed here. 


Part 2: Rules of Practice 


A proposed amendment to the rules of practice 
would require that, in requesting reactor li- 


censes and waste-disposal licenses, the appli- 
cants serve copies of their applications on the 
chief executive officer of the town or country 
in which their facility will be located. The re- 
quirement would apply to power demonstration 
reactors constructed under contract with AEC, 
as well as to licensed reactors. * 


Part 30: Licensing of By-Product Material 


Requirements*™ for exemption of tritium from 
licensing for use in automobile lock illumination 
were set forthinthe Federal Regisler of Apr. 26, 
1961. Both favorable and unfavorable comments 
have been received since then. Persons in favor 
usually felt that the exemption should also be 
extended to other users of similar sources.* 
Comments against included statements (1) that 
an unwarranted precedent would be set and (2) 
that novelty uses of radioactive materials are 
being developed when convenient nonradioactive 
alternates are available. 


Part 50: Licensing of Production 
and Utilization Facilities 


Change Without Specific Authorization. Pro- 
posed amendments to the change procedure 
rules were published*’ in the Federal Register 
of Apr. 8, 1961. Comments indicated that the 
general intent of the changes was good, but it 
was felt, in general, that there should be addi- 
tional liberalizations in the rules. The require- 
ment of prompt filing with AEC of a report of 
every change, test, or experiment was felt tobe 
an unnecessary burden. It was suggested that 
the AEC technical staff should be able to have 
ACRS review its judgment without being required 
to submit the matter to a public hearing. It was 
felt that operators (with licenses issued prior to 
the effective date of the amendment) should be 
allowed to submit proposed specifications if 
their licenses did not include such, rather than 
having the entire hazards summary report taken 
to be the specifications. *“°-" 


Special Nuclear Material Processing Facili- 
ties. An amendment published in the Federal 
Register of June 6 would eliminate the require- 
ment of obtaining a production-facility licensé 
if the material processed by a facility contained 
not more than 10° g of plutonium per gram of 
u">, This change will relieve the Englehard 
Industries, Inc., from the requirement of ob- 
taining a production license in order to process 
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some fuel and control elements from a Nether- 
lands research reactor.*® 


Part 100: Site Criteria Guide 


The comments on this proposed rule are 
reviewed in this issue under the heading Com- 
ments on Proposed Reactor Criteria. 


Part 140: Financial Protection Requirements 


and Indemnity Agreements 


On March 29, AEC invited comments on the 
question of whether processors of unirradiated 
wanium enriched in U?*> (not U3 or Pu?) 
should be indemnified and required to furnish 
financial protection. *” Since then, many com- 
ments have been received. Comments from the 
nuclear industry have been heartily in favor of 
the extension, whereas the insurance industry 
has been wholly against it. The insurance com- 
panies feel that this is government encroach- 
ment into an area in which they are willing and 
able to serve.*4—37. 44 (J. R. Buchanan) 


Action on Reactor Projects by 
Licensing and Regulating Bodies 


The AEC is required by the Atomic Energy 
Act to protect the health and safety of the public 
from undue hazards relative to the operation of 
mclear facilities. Regulations which are fol- 
lowed to ensure that this responsibility is ful- 
filled while furthering the simultaneous respon- 
sibility for developing the use of nuclear energy 
are published in the Code of Federal Regula- 
lions, Title 10 of the Code requires AEC to 
make certain specific findings regarding the 
safety of the public before issuing either the 
construction permit or the operating license for 
a facility. It also requires authorization for 
changes in facility equipment or operation which 
contain an element of hazard not previously 
reviewed and approved. The license-application 
tecord of the various facilities is reported in 
Table VI-1. 


Early in June 1961 AEC sent questionnaires 
to Teactor licensees on gaseous effluent monitor- 
ig and control methods to obtain appraisals of 
ir respective practices.*> The objective of 
this Study is to evaluate: “(1) The capability 
and accuracy of instruments used to measure 
Slected radionuclides in gaseous effluents; 


(2) the possibility that significant concentrations 
of other nuclides may escape detection; and 
(3) the accuracy of the determination of the 
character and quantities of nuclides actually 
released.” The results of this survey will be 
reviewed when they become available. 


Recent actions on specific reactors are de- 
scribed below. 


Dresden Reactor (Docket 50-10) 


On June 5 the Dresden reactor, a 630-Mwi(t) 
boiling-water power reactor, again started sup- 
plying power to the Commonwealth Edison 
Company system and was reported to be op- 
erating satisfactorily at a power level*® of 150 
Mw(e). The reactor had been shut down on 
Nov. 15, 1960, because of a control-rod sepa- 
ration.‘’ »48 


Following the shutdown in November, the AEC 
issued, on Feb. 28, 1961, notice of a hearing to 
consider whether it should authorize the licensee 
to resume operation with modified control-rod- 
drive mechanisms and whether it concurred in 
the proposed test program. Subsequently the 
licensee filed an application for license amend- 
ment to authorize substitution of poison blades 
of new design, following the observation of crack- 
ing of boron-steel blades during modification of 
the control-rod drive. After hearings were held 
on these points, AEC granted an interim order 
on March 31 for limited operation at powers up 
to 100 kw/(t) while review of the new poison 
blades continued. However, this operation was 
held up after some cracks were discovered in 
the reactor core grid structure. *® 


Hearings the last week in April received testi- 
mony (from Robert H. Bryan, AEC Division of 
Licensing and Regulation) which concluded that 
the grid defects did not significantly impair the 
immediate usefulness of the structure. Although 
there was a chance that the defects would in- 
crease in number and severity, it was felt that 
the increase would be gradual. Hence it was felt 
that the plant could be safely operated if there 
were adequate surveillance of the structure. It 
was also concluded that the probabilities of the 
fallout of a poison blade should be made as low 
as possible by “following determinations” made 
as early as possible during the course of a 
startup. Blade movements should be observed 
by nuclear instrumentation during other opera- 
tions with the reactor critical.” 
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On May 27 Hearing Examiner Jensch issued 
a Fourth Supplemental Intermediate Decision 
which recommended issuance ofa license allow- 
ing Dresden to resume operation at power levels 
up to 630 Mw(t). It was heldthat operation of the 
reactor with the modified drives could be re- 
sumed without endangering the health and safety 
of the public, subject to considerations involving 
inspections, tests, and operating procedures. In 
addition to periodic inspection of the control- 
rod-drive mechanisms, the poison blades, and 
- the grid structure, Commonwealth Edison will 
test its container and mainstream shutoff valves. 
The containment tests would be made before 
Oct. 15, 1961, with followup tests to be made at 
subsequent intervals. Fourteen new fuelassem- 
blies were approved for the reactor subject to 
the present license restrictions on burnout mar- 
gin.°! The new requirements and specification 
changes were authorized in an amendment to 
Appendix A of Edison’s license due to expire 
May 4, 1996. 


During startup operations, Dresden found that 
one of the nine control-rod drives equipped with 
thermocouples indicated a somewhat higher tem- 
perature than the other eight. On May 31 the ap- 
proach to power was delayed so that thermo- 
couples could be installed on the remaining 
drives. While exercising the one drive during the 
installation period, the condition apparently 
cleared. None of the drives were equipped with 
thermocouples during the previous operations, 
but there is now one thermocuple on each 
drive. 


Elk River Reactor (Docket PP-1) 


Specific information was requested by the 
Division of Licensing and Regulation regarding 
cracks in the pressure-vessel cladding of the 
Elk River 58-Mw(t) boiling-water reactor.‘® 
Allis-Chalmers Manufacturing Company sub- 
mitted a written report®’ to confirm oral infor- 
mation given to AEC on June 2. It was judged 
by Allis-Chalmers that the cracks in the cladding 
would have no deleterious effects on base- 
material corrosion, strength of the vessel, or in 
the radioactivity levels in the primary loop. 
Allis-Chalmers also felt that the cracks which 
appeared after the vessel was pressure tested 
were caused by release of locked-in stresses. 
Further crack formation under operating con- 
ditions is not expected.’ 


Allis-Chalmers also filed a report” to update 
an earlier report of May 4 on the 17-4-PH steel 
in the reactor. A report on control-rod blades 
was also submitted®® on May 4. 


Enrico Fermi Atomic Power Plant 
(Docket F-16) 


The Supreme Court, on June 12, reversed the 
judgment of the lower court and upheld the 
legality of the AEC’s order that granted a 
provisional construction permit for the Enrico 
Fermi fast-breeder reactor.‘? On June 10, the 
Power Reactor Development Company (PRDC) 
requested that the construction permit and its 
licence application show Dec. 15, 1961, as 
completion date for the reactor,” rather than 
July 15, 1961. The extension was granted on 
July 14 by the Licensing and Regulation Division 
of AEC.*8 

On July 13 PRDC filed portions of a revised 
application for an operating license for the 
reactor. Sought is a 25-year license for reactor 
powers up to and including 200 Mw(t). Included 
in the application were six volumes of a seven- 
volume hazards report.” 


FWCNG Reactor (Docket 50-152) 


As indicated previously ,49 work on a proposed 
153-Mw(t) D,O-moderated gas-cooled reactor 
was terminated in early May 1961 by the AEC. 
On July 12 FWCNG was advised that actions were 
being terminated on their pending construction 
license application per their request” of June 26. 


Indian Point Reactor (Docket 50-3) 


A hearing was held early in May 1961 on the 
final design of the 585-Mw/(t) pressurized-water 
thorium-converter Indian Point reactor in which 
Consolidated Edison Company of New York, Inc., 
sought approval relating only to design andcon- 
struction.*® In an intermediate decision issuedon 
June 30, Examiner Bond recommended approval 
of the design. The “ultimate conclusion” of the 
Examiner was made subject to a condition that 
the applicant present satisfactory evidence on 
the metallurgical characteristics of the control- 
rod-drive shafts. 

On May 15 Consolidated Edison had their 
counselors, LeBoeuf, Lamb, and Leiby, file an 
amendment (No. 4) to the Company’s amended 
and substituted license application, presenting 
as exhibits operating procedures and preoperat- 
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ing and startup test procedures.*° On July 18 
they submitted a tentative regulation schedule 
that will lead to an anticipated issuance of an 
initial operating license. The schedule included 
a September date for a meeting with ACRS to 
discuss all matters pertaining to an operating 
license and completion of plant construction.*! 


Nuclear Merchant Ship N.S. Savannah 


The AEC issued in late July 1961 an authoriza- 
tion for the startup and operation of the 69-Mw(t) 
pressurized-water reactor of the N.S. Savannah 
through initial sea trials.** During March and 
April, public hearings were held concerning 
fueling and operation of the reactor for test and 
demonstration purposes.”?”? The AEC staff filed 
its Proposed Findings of Fact accompanied bya 
Memorandum for AEC Regulatory Staff recom- 
mending that AEC authorize operation as pro- 
posed. °? 


The AEC authorization incorporated the find- 
ings and conclusions from the favorable recom- 
mendation of Hearing Examiner Jensch*! but 
modified it as proposed in part by the Licensing 
and Regulation staff ina memo of June 29. The 
conditions of authorization seek to assure that 
detailed written operating and maintenance pro- 
cedures for each phase of the reactor testing 
program will be prepared before commencement 
of that phase. Startup tests at Camden, N. J., 
are limited to no more than 7 Mw. After com- 
pletion of tests at Yorktown, Va., and initial sea 
trials, the Licensing and Regulation Division and 
the ACRS will review all reports on test opera- 
tions and set down their recommendations in a 
public hearing before reactor tests are continued 
or the ship is returned to Camden while pres- 
surized, 


Piqua Nuclear Power Facility (Docket PP-2) 


The Piqua reactor isa 46-Mw/(t) heterogeneous 
organic-cooled and -moderated reactor being 
built at Piqua, Ohio.*® On May 18—20, 1961, the 
ACRS met to consider the final safeguards re- 
port, a supplement, and a proposal for operation 
submitted by Atomics International. Earlier (on 
April 20) an ACRS subcommittee had met onthe 
reactor site with representatives of Atomics 
International and the AEC staff. Based on in- 
formation presented and discussed, ACRS felt 
that the reactor could be operated by Atomics 
International without undue hazard to the health 


and safety of the public. ACRS suggested that, 
at each partial fuel reloading cycle (approxi- 
mately four- to six-month intervals of power 
operation), an inspection of a typical sample 
portion of the remaining fuel elements be made 
and that a report be forwarded to the Division of 
Licensing and Regulation. ®® 


Plum Brook (NASA) Reactor (Docket 50-30) 


A provisional operating license was issuedon 
March 14 for the 60-Mw(t) light-water-cooled 
and -moderated Plum Brook reactor of NASA.*® 
Authorization was issued on June 12 for initial 
core loading. This action followed the finding by 
the Division of Licensing and Regulation that 
systems or items needed for full-power opera- 
tion (but not requiring completion for low-power 
testing) were built and tested and that modifi- 
cations required for 100-kw operation were 
complete. *®’ 

On June 29, NASA advised of two changes in 
the reactor. One was a redesigned grid-lifting 
mechanism and the other was a modification to 
the manual control section of the regulating-rod 
amplifier.*® 


Radiation Effects Reactor (Docket 50-122) 


The Lockheed Aircraft Corporation on June 8 
advised the Division of Licensing and Regulation 
that it agreed to withdrawal of its applica- 
tion for an operating license for the 10-Mwi(t) 
pressurized-water Radiation Effects Reactor 
(RER) but that it anticipated a resubmission at 
some future date.*? ACRS had recommended in 
December 1960 and March 1961 that the reactor 
be operated at full power inits present form only 
for work essential to the national defense.“*’” 


Saxton Reactor (Docket 50-146) 


The ACRS issued a favorable report on the 
Saxton 20-Mw pressurized-water reactor based 
on documents considered in its meeting of 
July 6—8. They noted that there was the possi- 
bility that complete withdrawal of one single 
control rod could make the reactor critical but 
that a system involving manually set limit 
switches is provided to prevent excessive rod 
withdrawal and to provide an adequate shutdown 
margin. The committee concluded that the reac- 
tor could be operated through its startup without 
undue hazard to the health and safety of the 
public.’ 
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The Saxton Nuclear Experimental Corpora- 
tion, on June 9 in its sixth license-application 
amendment, listed proposed technical specifca- 
tions, proposed a definition of the Saxton facility, 
and requested that discussion of Saxton’s techni- 
cal and financial qualifications be considered in 
a future September public hearing rather than the 
July hearing. "! 


Vallecitos Boiling-Water Reactor 
(Docket 50-18) 


Permission to resume operation of the Val- 
lecitos Boiling-Water Reactor (VBWR) was 
granted by the AEC on Apr. 13, 1961, under 
conditions providing for control-rod testing, 
inspection, and behavior study.‘* The operator, 
General Electric Company, concurred with the 
conditions with slight modifications.’? On May 22 
General Electric, in an “overdue followup,” 
reported on the Division of Licensing and Regu- 
lation’s concern over General Electric’s appar- 
ent failure to report cracks found in one of the 
VBWR boron- stainless steel control rods during 
a routine inspection of March 10. General Elec- 
tric reported that there had been no intent to 
withhold information since there had been a 
voluntary report of the incident to a San Fran- 
cisco Operations Office inspector on March 15. 
It was felt by General Electric that the cracks 
did not constitute a “possible unsafe condition” 
since structural stainless steel backs up the 
boron—stainless steel. On May 16 General 
Electric sought permission to test anewcontrol 
blade material by fastening it to a standard 
blade to test its long-time performance in the 
reactor." 


On June 6 General Electric filed with the 
Division of Licensing and Regulation reports of 
four proposed changes or experiments. Three 
had to do with irradiation experiments; the 
fourth was on a steam-water separator being 
installed in the reactor pressure vessel to 
reduce entrainment of water in the effluent 
steam.’ On May 4 General Electric reported 
on a proposal to irradiate a fuel assembly pre- 
pared from rejected Savannah core II stainless- 
steel tubing to study the effects of microscopic 
leaks and irradiation on the tubing. '* The Divi- 
sion of Licensing and Regulation on June 15 
expressed concern over the fuel assembly and 
requested a reappraisal with additional infor- 
mation.'® General Electric submitted anamend- 


ment (No. 46) to VBWR’s application” with 
respect to a loop called E-SADE on June 26, 
On July 12 General Electric proposed an experi- 
ment to study the causes of a leak in one of the 
VBWR steam-generator tubes. '’ 


Vallecitos Experimental Superheat Reactor 
(Docket 50-183) 


The AEC’s Chief Hearing Examiner Jensch 
in an intermediate decision recommended on 
July 25 that a construction permit be issued 
for the 12.5-Mw(t) Vallecitos Experimental 
Superheat Reactor (VESR) proposed by General 
Electric."® The case had been heard on June 29 
when testimony was given by four representa- 
tives of General Electric and AEC. Booth of the 
Division of Licensing and Regulation had testi- 
fied that General Electric had “supplied suffi- 
cient information to provide reasonable assur- 
ance that the facility can be constructed and 
operated without undue risk to the health and 
safety of the public.” ” 


ACRS has considered the reactor in two full 
committee meetings and two subcommittee 
meetings. In a report issued after the latest 
meeting (May 18—20), the Committee concurred 
in the desirability of the safety rods proposed 
by General Electric in addition to nuclear poison 
rods. The ACRS listed six items which they 
would like to consider at a later date.” 


On June 19 AEC’s Division of Licensing and 
Regulation held an informal public meeting at 
Pleasanton, Calif., to discuss its regulatory 
program and its review of VESR in order to 
give members of the public living in the area a 
chance to ask questions. Whether or not this 
practice will be extended to other reactors is 
not known.*? 


Westinghouse Test Reactor (Docket 50-22) 


On April 25 Westinghouse requested an amend- 
ment of its 60-Mw/(t) Westinghouse Test Reactor 
license to authorize them to lower the head tank- 
to-vent effluent discharge ratio by a factor of 2 
while increasing the monitor alarm setting by 
the same factor.*! The Division of Licensing 
and Regulation authorized the change on May 1’. 
Westinghouse submitted results on May 18 of a 
sampling program on the effluent.*? On July 14, 
Westinghouse submitted a report requesting au” 
thority to modify a high-pressure test thimble. 
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Yankee Reactor (Docket 50-29) 


In a license amendment dated June 23, AEC 
authorized the Yankee pressurized-water reac- 
tor to operate at power levels® up to 485 Mw(t). 
Yankee’s provisional license was also converted 
to a 40-year operating license. Hearing Exam- 
iner Jensch authorized the amendment in a 
decision® dated June 20, following a public 
hearing®’ on June 8. Both ACRS and the Licensing 
and Regulation staff concluded that the reactor 
which had been operating at 392 Mw(t) satis- 
factorily could be operated at the higher power 
level without undue hazard to the health and 
safety of the public. The Division of Licensing 
and Regulation approved several minor modi- 
fications to the plant and specifications designed 
toimprove performance and to correspond with 
changes. (J. R. Buchanan) 


Safeguards Reports 
and Selected Reading 


The recently issued safeguards reports and 
selected literature pertaining to hazards of 
reactors are listed below for reference. Be- 
cause of the similarity of many reactors (in 
particular, research reactors), this list is not 
intended to be all inclusive. 

1,R. J. Smith (Comp.), Reactor Safety: A 
Literature Search, USAEC Report TID-3525 
(Rev. 3), July 1961. 

2. J. Coombe et al., Hazards Report for the 
§M-1 Core II with Special Components, USAEC 
Report APAE-84, Alco Products, Inc., Mar. 30, 
1961, 

3. J. G. Gallagher, Hazards Report for the 
8M-1 Core II Without Special Components, 
USAEC Report APAE-84(Add. 1), Alco Products, 
Inc., Apr. 19,°1961. 

4, N. G. Wittenbrock and J. Muraoka, Plu- 
tonium Recycle Test Reactor Final Safeguards 
Analysis, Supplement 2. Consequences of a 
Primary Coolant Leak, USAEC Report HW- 
$1236(Suppl. 2), Hanford Atomic Products Op- 
tration, Nov. 15, 1960. 

5. R. W. Clack et al. (Comps. and Eds.), 
Hazards Summary Report for the Kansas State 
University TRIGA Mark II Reactor. Special 
Report No. 7. Secs. I-III, Report NP-10074, 
Kansas State University, January 1961. 

6. Union Carbide Nuclear Co., Research Cen- 
ler, Tuxedo, N. Y., Final Hazards Summary 


Report for the UCNC Research Reactor, Report 
NP-9674, November 1960. 

7. D. Hunter et al., Yankee Critical Experi- 
ments Hazards Summary Report, USAEC Re- 
port YAEC-31(Suppl. 2), Westinghouse Electric 
Corp., Atomic Power Dept., July 1, 1958. 

8. J. Carothers, HazardsSummary Report for 
the LRL Critical Facility, USAEC Report UCRL- 
6220, University of California Lawrence Radia- 
tion Laboratory, Mar. 3, 1960. 

9.J. L. Murray, General Electric Vallecitos 
Boiling Water Reactor, Final Hazards Summary 
Report, Report SG-VAL-2(3rd ed.), General 
Electric Co., Vallecitos Atomic Laboratory, 
Nov. 30, 1959. 

10. General Atomic Div., General Dynamics 
Corp., Hazards Summary Report for Diamond 
Ordnance Radiation Facility, Report NP-10188, 
1960. 

11. E. Feinauer andR. D. Thomas, Safeguards 
Report for the Northrop Pulse Radiation Facility, 
Report NP-9978, Norair Div. of NorthropCorp., 
Mar. 22, 1961. 

12. A. H. Emmons and W. R. Pearce, Pre- 
liminary Hazards Report, Exhibit A, Class 104 
Facility License Application with Exhibits B, 
C, and D, Report NP-9951, University of Mis- 
souri, March 1961. 

13. P. M. Finnegan, Preliminary Hazards 
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